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PREFACE. 


N o science  has  ever  made  a progress  so  rapid 
as  Chemistry  has'done  within  the  few  years  that 
have  elapsed  since  the  last  publication  of  this 
work.  Its  geneial  doctrines  have  been  material- 
ly modified  5 new  views  of  theory  have  been  in- 
troduced, having  the  most  extensive  relations ; 
substances  before  unknown  have  been  discover- 
ed ; an  immense  accession  of  facts  has  been  add- ' 
ed  f the  methods  of  analysis  have  been  rendered 
more  perfect,  and  principles  applied  which  give 
greater  precision  to  chemical  investigations. 

I 

To  give  a just  view  of  these  important  acquisi- 
tions, and  to  exhibit  the  science  in  its  present 
state,  have  been  my  leading,  objects  in  prepar- 
ing this  edition  foi  the  press.  At. the  same  time 
it  has  been  my  wish  to  preserve  the  work  within 
its  01  iginal  limits.  And  by  condensing  discussions 
which  have  no  longer  the  same  interest,  or  which 
the  progress  of  discovery  has  rendered  less  ne- 
cessary ; by  abridging  some  details  of  inferior  im- 
poitance,  or  not  strictly  chemical  j and  employing 
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rather  a fuller  page;  I have  been  enabled  to  com- 
prise all  that  has  appeared  to  me  essential  with- 
out any  material  enlargement  of  size. 

To  the  analytic  method  of  arrangement,  which 
I had  adopted  in  the  two  preceding  editions,  I 
have  still  adhered,  convinced  that  it  is  the  one 
under  which  the  just  relations  of  the  science 
are  best  exhibited  free  from  hypothesis,  and  un- 
der which  also  a knowledge  of  its  principles  is 
most  easily  conveyed.  But  in  some  respects  the 
order  in  the  subordinate  divisions  has  appeared 
to  me  to  admit  of  alteration  with  advantage,  more 
particularly  in  relation  to  certain  theoretical 
views  which  have  occurred  to  me.  An  explana- 
tion of  these  alterations  will  be  found  in  the  pre- 
liminary observations  to  the  second  volume. 

For  the  introduction  of  the  views  to  which  I 
now  allude,  some  apology  may  perhaps  be  requi- 
red. One  may  be  found  in  the  unsettled  state  of 
chemical  theory  on  the  questions  to  which  they 
refer.  I could  not  avoid  bringing  them  under 
discussion  : And  as  1 have  elsewhere  had  occa- 
sion to  remark,  “ in  a science  such  as  Chemistry, 
the  principles  of  which  do  not  rest  on  demonstra- 
tion, but  on  probable  evidence,  it  is  of  importance 
to  present  a subject  in  every  light  under  which 
it  admits  of  being  surveyed.” 
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I have  not  ventured  to  make  any  change  in 
nomenclature,  but  have  usually  employed  the 
current  terms,  even  where  they  are  not  altoge- 
ther correct.  The  whole  system  has,  by  the  pro- 
gress of  the  science,  been  rendered  defective ; 
but  it  would  be  premature  to  introduce  at  present 
any  general  change  ; and  this  would  be  less  ex- 
cuseable  with  the  example  so  evident  of  the  evils 
attending  a theoretical  nomenclature. 

I have  still  made  it  a leading  object  to  combine 
the  advantages  of  a System  for  consultation  with 
those  of  an  Elementary  Treatise.  I have  there- 
fore continued,  and  rather  augmented  the  mar- 
ginal references.  In  a work  in  which  it  is  neces- 
sary to  limit  the  statements  to  the  results  of  ex- 
periments, without  including  all  the  minute  de- 
tails connected  with  them,  such  references  are 
important,  as  these  details  require  often  to  be 
studied  in  new  researches,  or  from  their  connec- 
tion with  particular  objects  ; and  this  can  always 
be  done  most  satisfactorily  in  consulting  the  ori- 
ginal authorities. 


Edinburgh,  Nov.  20.  1818. 
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INTRODUCTION. 


NATURE,  OBJECTS,  AND  APPLICATIONS  OF  CHEMIS- 
TRY.— GENERAL  VIEW  OF  ITS  HISTORY. 

PRINCIPLES  OF  ARRANGEMENT. 


external  appearance  of  bodies  leads  in  general  to 
the  conclusion,  that  they  are  homogeneous,  or  consist 
of  matter  essentially  the  same  in  each  individual  mass.  In 
a portion  of  water,  or  in  a fragment  of  marble,  there  ap- 
pears to  exist  no  difference  of  parts.  A more  minute  ex- 
amination discovers,  however,  that  they  are  often  compos- 
ed of  different  substances,  or  of  kinds  of  matter  altogether 
distinct ; and  these,  by  the  operation  of  certain  arrange- 
ments, are  capable  of  being  separated  from  each  other,  so 
as  either  to  pass  into  new  combinations,  or  to  remain  in 
an  insulated  form. 

W hen  different  bodies  are  placed  in  contact  or  in  mix- 
tuie  with  each  other,  they  often  enter  into  intimate  union, 
lose  theii  individual  existence,  and  form  substances  dis- 
tinguished by  the  possession  of  new  properties.  And  the 
composition  of  these  substances  can,  by  the  operation  of 
other  forces,  be  again  subverted,  and  the  constituent  ele- 
ments restored  to  their  original  state, 
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Tims  the  varieties  of  matter  pass  through  an  extensive 
series  of  combinations  and  decompositions,  occurring  ei- 
ther in  the  operations  of  nature,  and  forming  part  of  its 
establisiicd  system,  or  dfected  by  peculiar  arrangements 
in  tlie  processes  of  art.  From  these  arises  the  immense 
diversity  of  constitution  and  properties  which  the  material 
world  presents.  The  number  of  substances  which  can  be 
ranked  as  simple  is  comparatively  small.  By  mutual  com- 
bination, numerous  compounds  are  formed.  These  are 
farther  capable  of  combining  with  each  other,  and  of  giv- 
ing rise  to  more  complicated  products  ; and  thus,  from  a 
few  elements,  perhaps  still  unknown  to  us,  an  indefinite  di- 
versity of  combinations  is  established.  Chemistry  is  the 
department  of  Science  to  which  this  class  of  actions  belongs. 

Chemical  action  is  distinguished  from  other  species 
of  physical  action  by  very  appropriate  characters. 

First,  It  is  exerted  only  between  the  minute  particles  of 
matter.  When  one  body  acts  chemically  on  another,  it  is 
always  from  the  particles  of  the  one  to  those  of  the  other 
that  the  action  is  exerted : the  effect  is  therefore  the  sub- 
version of  the  mass  of  each,  and  their  transition  into  a new 
state,  in  which  they  are  intimately  blended.  In  other  spe- 
cies of  physical  action  there  is  no  such  result.  One  mass 
of  matter  acts  upon  another,  modifying  its  motion,  or  its 
external  condition ; but  each  with  regard  to  its  insulated 
existence  remains  unchanged. 

Secondly,  Chemical  action  is  exerted  at  no  sensible  dis- 
tance : bodies  that  act  on  each  other  chemically  witli 
the  greatest  force,  sufifor  no  change  when  placed  at  the 
smallest  apparent  distance : they  require  to  be  brought  into 
contact,  and  even  frequently  into  intimate  mixture  ; no  sen- 
sible motion,  therefore,  of  the  particles  between  which  it  is 
exerted  can  be  discovered,  and  it  is  inferred  only  from  the 
change  of  constitution  and  properties  which  is  the  result. 
In  the  other  departments  of  physical  science,  actions  are 
investigated,  which  are  exerted  at  apparent,  and  often  at 
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immense  distances : sensible  motion  is  always  the  effect, 
and  is  sufficiently  apparent  to  admit  of  deteriaination  with 
regard  to  its  direction  and  force. 

Lastly,  Chemical  action  is  productive  of  a change  of 
properties  in  the  bodies  between  which  it  is  exerted.  Jt 
unites  theii  pai  tides  in  new  modes  and  arrangements, 
whence  existing  properties  must  be  subverted,  an^d  others 
acquired;  audit  combines  bodies,  the  properties  of  which 
opposing  each  other,  must,  to  a certain  extent,  be  modified 
by  the  combination.  The  result,  therefore,  is  always  some 
sensible  alteration,  and  frequently  the  most  entire  change. 
Mechanical  action  is  attended  with  no  such  effect.  Its  ten- 
dency is  merely  to  communicate  or  modify  motion  in  the 
masses  on  which  it  operates,  and  this  can  be  productive 
of  no  change  in  their  constitution  or  powers. 

These  distinctions  are  amply  illustrated,  in  considering 
the  points  of  view  under  which  the  same  substance  is  re- 
garded in  a system  of  Mechanical  and  of  Chemical  Phi- 
losoph)^  In  the  former  a Ray  of  Light  is  viewed  simply  as 
in  motion;  and  the  phenomena,  which  become  the  subject 
of  inquiry,  are  those  which  arise  from  its  transmission 
through  bodies,  its  reflection  from  their  surlhce,  or  its  in- 
flection towards  them  ; in  the  latter  its  more  intimate  ac- 
tions are  traced,  those  in  which  it  changes  their  properties 
or  composition, — effects  arising  not  from  the  motion  of  the 
entire  ray,  but  from  the  repulsion  the  light  coimnunicates, 
or  the  combinations  into  which  it  enters.  To  the  Medial 
nical  Philosopher,  Air  is  a subject  of  attention,  as  a mass 
possessing  mobility,  elasticity,  and  weight : the  Chemist, 
on  the  other  hand,  submits  it  to  experiment  with  the  view 
of  determining  whether  it  is  simple  or  compound  ; he  has 
succeeded  in  discovering  its  composition,  and  he  traces 
the  agencies  of  its  principles  in  numerous  chemical  ope- 
rations,—in  exciting  combustion,  in  promoting  vegeta- 
tion, and  in  sustaining  animal  life.  Water  holds  a 
place  in  a system  of  Mechanical  Science,  merely  as  a fluid 
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acting  by  its  impulse  or  gravity : while  in  Chemistry  its 
combinations  are  investigated ; its  elements  are  discovered ; 
and  the  operation  of  these  elements,  as  they  are  disengaged 
in  the  Jecompositions  it  suffers,  is  traced,  not  only  in  nu- 
jne’ous  subordinate  cases  of  chemical  action,  but  on  a scale 
cf  greater  magnitude  in  some  of  the  most  important  pro- 
cesses of  nature.  Lastly,  Solid  Substances  are  regarded 
by  the  Mechanical  Philosopher  only  as  they  are  endowed 
with  figure,  hardness,  or  cohesion,  or  as  presented  in  va- 
rious states  of  motion  : from  the  Chemist  they  claim  a more 
minute  examination  as  to  the  actions  which  the  particles 
of  each  exert  towards  those  of  others,  and  the  combina- 
tions into  which  they  enter.  In  all  these  cases,  the  inves- 
tigations of  the  one  department  are  directed  to  the  sensible 
motions  of  masses  of  matter;  those  of  the  other  to  the  agen- 
cies of  their  minute  particles,  and  the  combinations  into 
which  these  enter,  producing  not  merely  change  of  figure 
or  of  place,  but  changes  of  constitution  and  properties. 

The  powers  from  the  operation  of  which  chemical  phe- 
nomena arise,  are  that  species  of  Attraction  which  is  exert- 
ed at  insensible  distances  between  the  particles  of  matter, 
and  certain  forces  of  Repulsion  by  which  it  is  modified. 
The  mutual  attraction  exerted  between  particles  of  a similar 
nature  unites  them  in  masses,  which  derive,  from  the  mode 
of  aggregation,  peculiarities  of  hardness  and  tenacity,  of 
structure  and  form.  Exerted  between  particles  of  different 
hinds,  it  unites  them  so  as  to  form  substances  possessed  of 
properties  more  or  less  different  from  tl;ose  of  the  bodies 
of  which  they  are  composed.  The  power  of  Heat  or  calo- 
ric, establishing  repulsion  between  the  particles  of  matter, 
counteracts  the  operation  of  these  attractions,  and  often 
modifies  their  results.  Light,  from  its  connection  with  heat, 
and  perhaps  also  from  its  peculiar  chemical  agency,  some- 
times give's  rise  to  similar  effects.  And  Electric  attraction 
and  repulsion,  under  certain  modifications,  have  an  influ- 
ence still  more  energetic  in  producing  chemical  decompo- 
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sition.  Chemical  changes  depend  on  the  operation  of  these 
powers  in  different  degrees  of  intensity  on  the  particles  of 
bodies.  And  in  conformity  to  these  views,  Chemistry 
may  be  defined,  the  science  which  investigates  the  combin- 
ations of  matter,  and  the  laws  of  those  general  forces  by 
which  these  combinations  are  established  and  subverted. 

From  the  class  of  actions  which  it  belongs  to  Chemistry 
to  investigate,  arise  numerous  applications  to  purposes  of 
practical  utility,  or  to  the  elucidation  of  natural  pheno- 
mena ; an  extensive  series  of  changes  which  occur  in  na- 
ture being  the  results  of  chemical  operations,  and  many  of 
the  arts  consisting  of  a series  of  chemical  processes.  These 
applications,  in  all  their  extent,  it  would  not  be  possible  to 
trace  within  the  limits  of  an  introductory  discourse  ; but  a 
general  outline  of  them  will  convey  some  idea  of  the  ex- 
tent and  importance  of  this  science,  and  of  the  interest 
which  its  study  is  calculated  to  excite. 

The  ATMOSPHERE,  or  that  mass  of  elastic  fluid  which 
surrounds  the  globe,  is,  by  its  chemical  powers,  an  impor- 
tant agent  in  the  production  and  regulation  of  natural 
changes.  It  serves,  for  example,  to  equalize  the  distribu- 
tion of  heat  over  the  surface  of  the  earth.  Expanding, 
and  becoming  specifically  lighter  from  increase  of  tempe- 
rature, a current  of  air  necessarily  ascends  from  any  part 
of  the  earth’s  surface  that  is  much  heated ; its  place  is  sup- 
plied by  colder  air,  which  is  pressed  in  from  every  side  ; 
and  the  warmer  air  is  wafted  to  colder  regions,  yielding  in 
its  progress  the  heat  it  had  received.  A circulation  is  thus 
established,  by  which  the  extremes  of  heat  and  cold,  that 
would  otherwise  have  rendered  the  greater  part  of  the 
globe  uninhabitable,  are  prevented ; while,  by  these  mo- 
tions of  the  mass  of  air,  its  purity  is  preserved.  Nor  does 
the  atmosphere  merely  convey  heat,  and  equalize  its  distri- 
bution ; it  contains  an  immense  quantity  of  the  same  power 
in  a latent  state,  which,  by  various  chemical  combinations. 
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is  reiulerecl  sensible, —-which  is  the  source  of  the  lieat  pro- 
duced by  the  burning  of  combustible  matter,  and  of  that 
which  animals  generate,  preserving  them  constantly  warm- 
er than  the  surrounding  medium.  It  is  not  less  useful  as 
the  agent  by  which  the  circulation  of  Water  is  established. 

ssisted  by  heat,  it  elevates  a portion  of  this  fluid  in  va- 
poin  j which,  condensed  as  the  temperature  falls,  descends 
as  dew,  ram,  or  snow;  and,  by  the  declivity  of  the  land,  is 

1 * * * 7*  ^ returns  to  the  ocean.  Last- 

Jy,  air  IS  indispensable  to  the  support  of  vegetables,  and  the 
existence  of  animals.  To  plants  it  affords  a considerable  part 

o their  nourishment:  to  animals  it  is  still  more  necessary. 

Its  abstraction  for  a few  minutes  causing  death  : and  in 
both,  its  agency  is  chemical ; it  suffers  changes  of  compo- 
sition, and  produces  reciprocal  changes  in  the  animal  and 
vegetable  systems. 

Water  is  the  medium  of  various  important  chemical 
cianges  in  nature.  Like  air,  it  operates  in  ecjualizino- 
temperature,  partly  by  its  motion,  and  partly  by  its  chan'^ 
ges  of  form ; in  passing  to  the  state  of  ice  it  evolves  heat, 
and  absorbs  it  when  it  returns  to  that  of  water  ; and  by 
both  moderates  the  transition  of  seasons.  It  acts  on  the 
solid  parts  of  the  earth’s  surflice,  and  causes  their  disinte- 
gration ; and  in  supporting  animals  and  vegetables,  it  un- 
dergoes decomposition,  and  furnishes  principles  which  con- 
tribute to  the  formation  of  their  products. 

The  operations  of  the  mineual  kingdom  are  more  con- 
cealed from  us  : but  we  still  perceive  in  their  results  the 
influence  of  chemical  agency.  The  greater  part  of  the 
substances  which  compose  the  crust  of  the  earth  are  com- 
pounds, and  have  therefore  been  formed  by  chemical  com- 
bmations;  and  the  sublime,  though  obscure  speculations 
ot  Geology,  are  founded  on  the  conclusion,  which  facts  es- 
tablish, that  attractions  have  at  one  time  been  exerted  be- 
tween these  substances,  or  between  their  elements,'  while 
existing  in  the  fluid  form.  Chemistry  too  afl’ords  the  on- 
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ly  sure  basis  on  which  the  species  of  minerals  are  establish- 
ed and  arranged,  by  determining  the  real  composition  on 
which  alone  their  identity  or  dissimilarity  can  be  determined. 

Nor  is  chemical  influence  less  conspicuous  in  the  ani- 
mated WORLD.  The  nutrition  of  animals  and  vegetables, 
and  the  formation  of  their  various  products,  depend  on  new 
combinations  of  the  elements  of  the  substances  they  receive 
as  food  : these  processes,  though  receiving  some  modifica- 
tions from  the  circumstances  under  which  they  take  place, 
are  essentially  chemical ; and  chemistry  is  capable  of  elu- 
cidating some  of  the  most  important  subjects  of  investiga- 
tion in  animal  and  veg’etable  physiology.  In  Vegetation 
we  perceive  a series  of  changes,  the  result  in  a great  mea- 
sure of  chemical  attractions.  From  the  moment  of  its 
commencement,  air  and  water  are  absorbed,  are  decom- 
posed, and  their  principles  combined  in  the  vessels  of  the 
plant ; and  from  these  combinations,  the  numerous  and 
diversified  products  of  vegetables  are  formed.  If  other 
agents  are  necessary,  or  subservient  to  the  process,  it  is 
still  by  their  chemical  agency.  Light,  by  the  affinities  it 
exerts,  aids  the  decomposition  of  the  water  which  the 
plant  absorbs  ; and  manures  accelerate  the  process,  and 
improve  its  products,  by  furnishing,  in  a less  combined 
state,  and  in  larger  quantity,  the  same  principles  which  air 
and  water  supply.  In  the  series  of  changes  wdiich  are 
carried  on  in  the  Animal  System,  the  influence  of  Chemis- 
try is  equally  to  be  traced.  In  examining  the  process  of 
digestion,  it  discovers  the  chemical  quality  of  the  gastric 
fluid,  by  which  it  is  fitted  to  dissolve  the  food  : in  investi- 
gating the  function  of  respiration,  it  unfolds  the  nature  of 
the  chemical  changes  which  the  blood  sufters  in  the  lungs; 
the  evolution  of  a principle,  which,  it  retained,  might 
prove  hurtful,  and  the  corresponding  action  of  that  part 
of  the  air  which  is  necessary  to  life  ; in  the  same  process, 
it  detects  the  source  of  animal  heat,  or  of  that  power  by 
which  animals  are  enabled  to  preserve  themselves  at  a tern- 
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peiaturc  superior  to  that  of  the  medium  around  them:  in 
peispiiation,  it  discovers  a function  subservient  to  respira- 
tion, and  fulfilling  nearly  the  same  purpose  ; and  in  secre- 
tion, it  traces  the  various  chemical  products  formed  from 
a common  fluid  by  the  exertion  of  complicated  affinities, 
l^astly,  by  analysing  the  fluids  and  solids  of  the  animal 
body,  It  throws  light  on  the  researches  of  the  Physiologist, 

even  in  some  cases,  the  practical  inquiries  of 
the  Physician. 

^ The  importance  of  Chemistry  is  not  less  conspicuous 
111  Its  relation  to  the  Arts.  Strictly  speaking,  the  origin  of 
t e greater  number  of  the  arts  has  been  prior  to  the  cul- 
tivation of  any  science ; and  their  advancement  has  often 
depended  on  accident  or  on  the  mere  routine  of  practice, 
fetill,  their  principles  are  dependent  on  science  ; and  a 
knowledge  of  these  principles  affords  the  most  certain 
guide  in  attempting  their  improvement. 

Agriculture,  the  most  important  of  the  arts,  and  that 
which  IS  perhaps  most  susceptible  of  indefinite  improve- 
ment, is  more  directly  connected  with  Chemistry  than  with 
any  other  science.  Vegetation,  the  regulation  of  which, 
so  as  to  increase  the  products  of  useful  plants,  is  the  object 
of  agriculture,  is  little  else  than  a chemical  process  or  it 
consists  of  a series  of  changes  of  composition,  terminating 
in  t le  formation  of  new  compounds.  It  must  be  admit- 
ted, that  the  causes  by  which  these  changes  are  effected 
are  not  wholly  under  our  control.  But  neither  are  they 
altogether  exempt  from  it.  By  certain  arrangements  of 
circumstances,  hitherto,  indeed,  in  a great  measure  empi- 
iical,  we  can  accelerate  the  process,  and  even  increase  the 
quantity  of  product,  or  to  a certain  extent  change  its  na- 
ture. Nor  is  it  improbable,  that,  in  these  respects,  our 
power  may  be  farther  extended,  as  our  knowledge  of  the 
chemistiy  of  veptation  is  advanced.  The  influence  of 
SOI , anc  the  action  of  manures,  are  already  partly  known; 
and  there  is  no  just  reason  to  forbid  the  expectation,  that 
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Chemistry  may  unfold  more  skilful  modes  of  applying  the 
agents  on  which  the  nutrition  of  vegetables  depends,  or  of 
regulating  those  circumstances  which  influence  the  forma- 
tion of  their  various  products. 

In  the  treatment  of  the  products  of  vegetation,  we  often 
find  chemical  agency  exemplified.  In  bleaching,  by  the 
application  of  a process  purely  chemicul,  wo  change  the 
colouring  matter  of  the  thread,  and  render  it  capable  of 
being  easily  removed.  In  dyeing,  we  extract  the  colours 
of  many  substances  by  solution,  heighten  their  brilliancy 
by  the  admixture  of  chemical  agents,  and,  by  the  interven- 
tion of  others,  fix  and  render  them  permanent  in  the  cloth. 
In  fermenting,  by  a proper  regulation  of  circumstances, 
we  change  the  principles  of  the  fermenting  substance,  and 
form  a very  different  product,  wine,  or  fermented  liquor  : 
And,  by  distillation,  we  separate  from  this  the  ardent  spi- 
rit, in  which  its  principal  qualities  reside.  The  art  of  the 
chemist  is  not  less  strikingly  displayed  in  the  processes  for 
extracting  and  refining  sugar,  preparing  starch,  indigo, 
and  other  substances ; in  the  fabrication  of  paper,  and 
of  many  other  useful  products  obtained  from  the  vegetable 
kingdom.  The  principles  of  all  these  arts  have  been  esta- 
blished by  the  researches  of  modern  Chemistry ; and  in  the 
greater  number  of  them,  their  manipulations  have  been 
improved  by  the  application  of  scientific  skill. 

The  adaptation  of  animal  substances  admits  of  similar 
applications.  Tanning,  the  manufacture  of  soap,  glue,  and  " 
a number  of  others,  are  mere  chemical  processes,  which 
Chemistry  has  successfully  elucidated. 

The  mineral  kingdom  affords  a number  of  substances, 
which,  to  be  prepared  for  the  uses  to  which  they  are  ap. 
plied,  must  undergo  many  operations  of  art ; and  these 
are  in  general  of  a chemical  nature.  The  extractimr  and 
working  of  metals,  arts  so  important  to  civilized  society, 
and  the  effects  of  which,  in  all  their  extent,  it  would  be 
difficult  to  appreciate,  are  mere  branches  of  practical  che- 
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mistry.  The  production  of  glass,  the  most  beautiful  and 
one  of  the  most  useful  gifts  of  art  to  man,  is  the  result  of 
a simple  chemical  combination.  From  variations  in  the 
process,  and  additions  of  certain  ingredients,  arise  the  arts 
of  enamelling,  and  imitating  the  gems.  And  the  processes 
employed  in  the  fabrication  of  pottery  and  porcelain,  de- 
pend on  similar  mmbinations,  vpgulated  entirely  by  this 
science. 

Not  only  is  Chemistry  of  advantage,  from  its  relations  to 
the  arts;  it  is  also  interesting  and  valuable  from  the  con- 
nexions it  has  with  many  ot  the  practices  of  common  life. 
Illustrations  of  this  kind  might  be  derived  from  the  know- 
ledge it  conveys,  by  the  discovery  of  the  laws  of  heat. 
The  peculiar  effects  arising  from  the  action  of  this  power 
on  matter,  the  sensations  it  excites,  its  communication, 
and  its  evolution  and  absorption,  constitute  phenomena 
familiar  in  their  occurrence,  the  scientific  knowledge  of 
which  is  in  the  highest  degree  interesting,  and  which  ad- 
mit of  the  most  numerous  and  important  applications. 
From  the  multiplicitj'  of  its  objects,  and  the  extent  of  its 
relations,  there  is  no  science  indeed  which  can  afford  more 
interesting  subjects  of  inquiry,  which  contributes  more  to 
enlarge  our  views  of  nature,  or  which  promises  more  im- 
mediate practical  utility.  And  there  is  none  of  which  the 
progress  in  modern  times  has  been  so  rapid,  or  in  which 
the  prospect  of  discovery  is  at  present  more  unlimited.  Its 
very  nature  leads  to  almost  indefinite  advancement ; for  on 
the  one  hand  its  object  is  to  discover  all  the  possible  com- 
binations of  bodies,  and  on  the  other,  by  analysis,  to  dis- 
cover their  composition  even  to  their  ultimate  elements ; 
and  these  inquiries  are  so  remote,  and  so  extensive,  that  it 
is  scarcely  possible  to  fix  any  limits  to  which  the  progress 
of  the  science  can  be  assigned. 

Chemistry  is  a branch  of  knowledge  which  is  peculiarly 
of  modern  origin.  There  are  indeed  traces  from  remote 
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antiquity  of  various  arts,  the  principles  of  which  are  che- 
mical. Metallurgy,  or  the  art  of  extracting  metals  from 
their  ores,  of  purifying,  casting  and  forging  them,  must 
have  been  of  early  invention  ; and  the  properties  and  uses 
of  the  more  common  metals  were  known  at  so  remote  a 
period,  that  we  have  no  records  of  their  discovery.  Other 
chemical  arts,  as  that  of  making  bricks  and  earthen  ware ; 
those  of  fermenting,  bleaching,  dyeing,  and  several  others, 
were  practised  in  the  earliest  ages.  But  there  is  no  rea- 
son to  believe  that  such  arts  were  founded  on  any  previous 
acquisition  of  chemical  skill.  They  were  the  results  of  ca- 
sual observations,  or  of  experiments  dictated  by  necessity, 
practised  without  the  knowledge  of  any  principle  : and 
as  a Science,  or  System  of  and  res\<;onings.  Chemis- 
try was  unknown. 

Its  claims  to  antiquity  haVe  not  however  been  neglected 
by  chemists.  From  the  traces  which  can  be  discovered,  at 
the  most  remote  periods,  of  the  practice  of  chemical  arts, 
has  been  inferi’ed  the  existence  of  chemical  knowledge : 
almost  every  celebrated  individual  of  early  times  has  been 
revered  as  the  inventor  of  some  chemical  process ; and 
many  profound  truths  belonging  to  this  science  have  been 
said,  by  those  who  advance  these  pretensions,  to  be  con- 
cealed in  allusions  and  allegories  in  the  sacred  writings 
and  in  the  ancient  mythology. 

In  Egypt,  particularly.  Chemistry  is  supposed  to  have 
been  early  cultivated.  Thot,  or  Athotis,  surnamed  Flermes, 
by  the  Greeks,  has  been  regarded  as  the  founder  of  the 
science,  dhe  knowledge  of  it,  which  had  nearly  perished 
by  some  extraordinary  revolution,  was  re-established,  it  is 
said,  by  Siphoas,  the  second  Hermes,  from  whom  Che- 
mistry has  been  named  the  Hermetic  Art.  Its  secrets,  it 
is  added,  were  deposited  with  the  Egyptian  priests,  from 
whom  the  earlier  Grecian  philosophers  acquired  what  che- 
mical knowledge  they  possessed. 

It  is  scarcely  necessary  to  examine  these  pretensions. 
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The  writings  ascribed  to  Hermes  are  evidently  spurious ; 
the  interpretations  of  the  fables  of  antiquity,  as  unfolding 
chemical  or  alchemical  processes,  are  fanciful  and  extrava- 
gant ; and  the  rude  practices  of  chemical  arts  alford  no 
proof  of  the  prior  existence  of  the  science  to  w hich  they 
belong.  These  practices  were  doubtless  altogether  empi- 
rical; and  in  the  chemical  arts  of  the  ancient  nations,  w'e 
do  not  discover  a single  trace  of  w hat  can  properly  be  re- 
garded as  a knowledge  of  any  of  the  principles  of  Chemis- 
try. The  skill  of  the  Egyptians  in  these  arts  has  been 
highly  celebrated;  they  worked  mines  of  gold  and  silver; 
extracted  other  metals  from  their  ores,  and  displayed  dex- 
terity in  fabricating  them  for  different  purposes  ; they  car- 
ried the  manufacture  of  glncc;  to  ccixioidorable  perfection, 
and  knew  the  methods  of  colouring  it,  so  as  to  imitate  the 
gems : they  discovered  the  processes  for  preparing  sea- 
salt,  alum,  sal  ammoniac,  and  mineral  alkali,  and  applied 
these  substances  to  various  chemical  uses  : they  were  skill- 
ed in  the  arts  of  dyeing,  embalming  and  making  perfumes ; 
they  prepared  various  pigments,  and  introduced  into  their 
medical  practice  the  products  of  rude  chemical  processes. 
Yet,  with  all  this,  they  may  have  been  wholly  ignorant  of 
Chemistry  *,  and,  accordingly,  we  cannot  discover  that 
these  arts  were  practised  with  any  knowledge  of  their  prin- 
ciples, or  w'ere  regarded  as  connected  by  any  relations  un- 
der one  department  of  science. 

Chemistry  formed  no  part  of  the  system  of  Grecian 
philosophy ; for  the  speculations  of  the  schools  on  the 
principles  of  bodies  were  altogether  hypothetical,  and  had 
little  or  no  relation  to  any  chemical  inquiry.  And  the  ob- 
servations respecting  the  chemical  properties  of  bodies  in 
the  wu'itings  of  Theophrastus,  Aristotle,  and  others,  are 
altogether  vague  and  unconnected.  The  arts,  under  the 
progress  of  civilization  and  luxury,  both  among  the  Greeks 
and  Romans,  received  some  improvements.  The  phar- 
macy of  the  Greek  physicians  had  become  more  complica- 
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fed,  and  contained  a number  of  metallic  preparations  ; the 
art  of  tanning  is  of  Grecian  origin,  as  is  also  that  of  manu- 
facturino-  steel : the  Corinthians  were  skilled  in  making 
alloys,  which  imitated  silver  and  gold ; and  the  statuaries 
excelled  in  the  arts  of  purifying  and  casting  the  metals. 
But  all  these  were  practices  isolated  and  empirical,  wide- 
ly remote  from  any  application  of  systematic  knowledge. 

Can  any  cause  be  assigned  for  this  slow  progress  of  Che- 
mistry ? While  it  remained  nearly  uncultivated,  and  even 
without  a name,  the  foundations  of  other  physical  sciences 
had  been  established.  Astronomy  had  been  studied  with 
success.  Arithmetic  and  Geometry  were  early  known  : 
and  these,  with  some  other  branches  of  physics,  were  ad- 
vanced by  the  labours  of  the  Grecian  philosophers. 

It  may  in  part  be  ascribed  to  the  peculiar  nature  of  this 
science.  Its  most  powerful  agents,  and  those  most  exten- 
sive in  their  operation,  are  substances  with  which  we  are 
not  familiar,  and  which  are  not  easily  recognised  ; and  the 
actions  which  it  investigates  being  exerted  between  the 
minute  particles  of  matter,  are  more  obscure  and  compli- 
cated than  those  of  the  other  departments  of  natural  phi- 
losopliy.  The  difficulty,  therefore,  of  observing  accurate- 
ly the  phenomena,  and  of  discovering  their  causes,  must 
have  retarded  the  progress  or  rather  the  rise  of  the  science. 
With  this,  another  cause  concurred.  Chemical  invest! o-a- 

O 

tions  can  be  prosecuted  successfully  only  by  experiment ; 
and  this  method  of  interrogating  Nature,  or  at  least  its 
importance,  was  unknown  in  the  ancient  world.  Arith- 
metic and  geometry  require  for  their  cultivation  only  pure 
intellectual  exertion;  and  astronomy,  as  it  existed  among 
the  ancients,  depended  for  its  advancement  principally  on 
observation.  These  sciences  might,  therefore,  be  suc- 
cessfully cultivated, while  Chemistry,  wliich  is  so  immedi- 
ately dependent  on  experiment,  would  remain  unknown. 
The  delusions  of  Alchemy  gave  rise  to  the  experimental 
method  of  investigation,  and  thus  not  only  laid  the  foun- 
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elation  of  chemical  science,  but  perhaps  contributed  more 
than  any  other  event  to  the  superiority  of  the  modern  over 
the  ancient  method  of  philosophising. 

To  Alchemy,— the  pretended  art  of  converting  the  baser 
metals  into  silver  and  gold,  a singular  pursuit,  which  origi- 
. nated  towards  the  decline  of  literature,  and  which  con- 
tinued for  many  centuries  to  be  prosecuted  with  unabated 
ardour.  Chemistry  undoubtedly  owes  its  origin.  As  a dis- 
tinct branch  of  knowledge,  it  had  no  existence  prior  to  the 
period  when  the  researches  of  the  alchemists  commenced. 
The  chemical  properties  of  bodies  had  seldom  been  made 
the  subject  of  itivestigation,  and  the  slow  improvement  of 
the  chemical  arts  was  rather  the  result  of  chance,  than  of 
inquiries  suggested  by  any  principle.  By  the  labours  of 
the  alchemists,  some  knowledge  of  these  properties  was  at- 
tained, and  gradually  enlarged  ; their  views  led  them  to 
institute  many  experiments  on  the  changes  which  bodies 
suffer  from  their  mutual  intimate  actions,  and  these  fur- 
nished the  materials  from  which  Chemistry  was  gradually 
raised.  The  knowledge  thus  slowly  acquired,  was  indeed 
for  a time  directed  to  a chimerical  object;  but  the  value 
of  the  acquisition  was  not  diminished,  while  the  founda- 
tion was  laid  of  more  rational  and  successful  investigations. 

« Alchemy,”  says  Lord  Bacon  quaintly,  though  with 
justness,  “ may  bo  compared  to  the  husbandman,  of  whom 
« iEsop  makes  the  fable,  that  when  he  died,  told  his  sons 
“ that  he  had  left  unto  them  gold  buried  underground  in 
« his  vineyard;  and  they  digged  over  all  the  ground,  and 
« gold  they  found  none;  but,  by  reason  of  their  stirring 
and  digging  the  mould  about  the  roots  of  their  vines, 

« they  had  a great  vintage  the  year  following;  so,  as- 
« suredly,  the  search  and  stir  to  make  gold  hath  brouerht 
“ to  light  a great  number  of  good  and  fruitful  inventions 
**  and  experiments 


* Bacon’s  Works,  4to,  vol.  i,  p.  18. 
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It  is  not  possible  now  to  discover  from  what  circumstance 
this  belief  of  the  practicability  of  the  transmutation  of  metals 
originated,  nor  how  far  it  was  connected  with  any  previ- 
ous acquisition  of  chemical  knowledge.  It  is  not  easy  even 
to  ascertain  the  precise  period  at  which  it  began  to  be  en- 
tertained ; for  although  the  alchemists  have  endeavoured 
to  prove  the  high  antiquity  of  their  art,  their  proofs  rest  on 
spurious  writings,  or  forced  and  absurd  interpretations  of 
ancient  mythology  and  history.  No  allusion  to  it  is  to  be 
met  with  in  the  celebrated  collection  of  Pliny, — a proof, 
that  if  it  existed,  it  had  attracted  little  notice  in  the  first 
or  second  century  of  the  Christian  aera.  Even  prior  to 
this  period,  however,  it  is  supposed  to  have  been  cultiva- 
ted in  Egypt,  an  edict  of  Diocletian  is  quoted,  in  which, 
having  suppressed  a revolt  of  the  Egyptians,  “ their  an- 
“ cient  books  which  treated  of  the  admirable  art  of  makinof 
gold  and  silver,”  are  commanded  to  be  sought  out  and 
committed  to  the  flames ; and  this,  Gibbon  remarks,  is  the 
first  authentic  event  in  the  history  of  Alchemy.  It  would 
be  so  were  the  reality  of  this  edict  established  ; but  there  is 
every  reason  to  regard  it  as  spurious,  as  the  earliest  author 
who  mentions  it  is  of  the  seventh  century,  and  it  is  ap- 
pealed to  only  by  those  who  support  the  claims  of  the  al- 
chemists to  the  high  antiquity  of  their  art. 

The  word  Alchemy  first  occurs  in  a work  of  Julius 
Eirmicus  Maternus,  a writer  said  to  be  of  the  fourth  cen- 
tury, and  he  mentions  it  as  applied  to  a branch  of  know- 
ledge then  well  known  ; but  there  arc  doubts  whether  the 
text  is  genuine.  The  art  of  transmutation  is  distinctly 
mentioned  by  a wTiter  of  the  succeeding  age,  ^neas 
Gazeus  : “ those  who  are  skilful,”  he  remarks,  “ can  so 
“ change  silver  and  lead,  as  to  convert  them  into  the 
“ finest  gold ;”  but  the  authenticity  of  this  passage  is  also 
not  established.  There  are  numerous  writings  ascribed  to 
Greek  Physicians  and  Ecclesiastics,  said  to  be  of  the 
fourth,  fifth,  and  sixth  centuries,  in  which  the  art  of  ma- 
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king  gold  is  the  principal  subject.  The  greater  number 
of  these  remain  in  manuscript;  many  of  them  are  evident- 
ly spurious;  and  it  is  doubtful  how  far  any  of  them  are  of 
the  age  to  which  they  have  been  assigned. 

It  appears,  on  the  whole,  however,  that  about  the  fifth 
centuiy  some  progress  had  been  made  in  chemical  investi- 
gations, and  Chemistry  began  to  appear  as  a distinct  branch 
of  knowledge  and  a peculiar  object  of  pursuit.  This  pro- 
bably arose  from  the  extension  of  the  pharmacy  of  the 
Greek  physicians,  the  processes  of  which  had  gradually 
become  more  complicated  and  more  strictly  chemical.  It 
seems  also  to  have  in  part  originated  from  the  metaphysi- 
cal speculations  of  the  schools  on  the  transmutations  of  the 
elements  of  matter ; its  earliest  votaries  w'ere  of  the  sect  of 
the  New  Platonics,  and  its  study  was  associated  with  that 
of  magic  and  of  mystic  theology. 

If  Alchemy  originated  in  this  period,  it  is  among  the 
Arabians,  who  had  received  the  literature  and  science  of 
the  Greeks,  that  it  was  most  eagerly  prosecuted.  Geber, 
who  appears  to  have  flourished  about  the  commencement 
of  the  eighth  century,  and  who  is  said  to  have  been  a Greek 
physician,  though  the  epithet  Arabian  is  usually  attached 
to  his  name,  may  be  considered  as  the  first  systematic 
chemical  author.  His  work,  which  is  professedly  a com- 
pilation,  describes  the  chemical  processes  then  known  ; it 
contains  a number  of  observations  on  the  properties  of  se- 
veial  irnpoitant  chemical  agents,  belonging  particularly  to 
the  classes  of  salts  and  metals;  and  delivers  the  theories, 
however  vague  and  extravagant,  which  guided  alchemical 
researches.  It  appears,  that  even  at  this  early  period,  the 
dream  of  the  universal  remedy  had  been  associated  with 
the  original  object  of  the  alchemists,  at  least  this  is  the  ob-  ' 
vious  interpretation  of  the  following  passage  which  Berg- 
man (juotes  from  Geber’s  works  : “ Elixir  rubeum  omnes 
infii  m It  ares  chronicas,  de  quibus  niedici  desperarunt,  curat, 
ct  facit  hominem  juvenescere  ut  aquilam.”  Albucasis  and 


INTRODUCTION. 


17 


Rhazis,  Arabian  physicians,  cultivated  more  particularly 
pharmaceutical  chemistry.  Avicenna  is  the  author  of  that 
division  of  substances  from  their  chemical  relations  into 
salts,  earths,  inflammables,  and  metals,  which,  with  some 
modifications,  has  kept  its  place  as  the  basis  of  almost 
every  chemical  classification  even  to  the  present  times;  and 
which,  therefore,  necessarily  implies  no  inconsiderable  ad- 
vancement in  the  leading  distinctions  of  the  science. 

When  learning  was  transferred  from  the  East  to  Europe, 
Alchemy  was  cultivated  with  increased  ardour ; and  in  the 
period  extending  from  the  11th  to  the  16th  century 
flourished  the  principal  alchemists.  Albertus  Magnus, 
a Dominican  friar  of  the  12th  century,  taught  at  Co- 
logne, and  appears  to  have  been  well  acquainted  with 
the  metallurgic  processes  known  at  that  time.  Roger 
Bacon,  a monk,  a native  of  England,  was  nearly  of  the 
same  period : he  appears  to  have  been  master  of  all  the 
natural  knowledge  of  his  age,  and  a number  of  curious 
chemical  facts  are  to  be  found  in  his  writings  : he  evident^ 
ly  alludes  to  phosphorus,  a substance  which  has  always 
attracted  notice  from  its  high  inflammability;  and  ho  gives 
the  composition  of  gunpowder,  concealed  in  some  mea- 
sure under  the  form  of  an  anagram.  Arnoldus  de  Villa 
Nova,  a French  physician  of  the  13th  century,  has  been 
distinguished  as  having  introduced  the  application  of  che- 
mistry to  medicine;  he  is  the  first  who  mentions  spirit  of 
wine,  and  the  pharmaceutical  purposes  to  which  it  may  be 
applied.  His  disciple,  Raymond  Lully,  a native  of  Ma- 
jorca, seems  to  haveprosecutedhis  experimental  researches; 
a number  of  chemical  facts  are  to  be  found  in  his  writings, 
and  he  is  said  to  have  been  the  first  who  pi’oposed  the 
chimera  of  the  universal  remedy.  Isaac  and  John  Isaac 
Hollandus,  Dutch  chemists,  supposed  to  have  been  father 
and  son,  appear  to  have  added  to  the  prosecution  of  alche- 
mical pursuits  more  valuable  acquisitions  in  the  chemical 
arts  : they  give  a number  of  processes  for  the  colom’in<r  of 
VOL.  I.  B 
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glass,  and  imitating  the  gems ; and  the  art  of  enamelling  is 
considered  as  their  invention.  Basil  V^alentine,  a German 
monk,  extended  the  application  of  chemical  remedies,  and 
more  particularly  of  the  preparations  of  antimony  to  medi- 
cine; and  he  is  noted  among  the  alchemists  as  the  author  of 
the  hypothesis  of  the  three  chemical  elements  of  salt,  sul- 
phur, and  mercury.  Paracelsus,  a native  of  Switzerland, 
of  the  15th  century,  contributed  perhaps  more  than  any 
person  of  that  age  to  the  diffusion  of  Chemistry,  by  the 
enthusiastic  zeal  with  which  he  brought  forward  the  em- 
ployment of  chemical  remedies,  and  with  which,  at  the 
same  time,  he  attacked  the  Galenical  doctrines  of  the 
schools.'  His  disciple,  Van  Helmont,  followed  the  foot- 
steps of  his  'master,  with  rather  more  sobriety,  and  con- 
ferred real  benefit  on  Chemistry  by  some  of  his  observa- 
tions and  experimental  researches,  those  more  particularly 
on  the  elastic  fluids  disengaged  in  many  chemical  opera- 
tions,— an  important  subject,  to  which  he  first  attracted 
the  attention  of  chemists. 

In  these  successive  labours,  too,  a numbei*  of  discoveries, 
not  easily  appropriated  to  their  respective  authors,  had  been 
made.  The  principal  mineral  acids,  which  were  unknown 
to  the  ancients,  the  sulphuric,  nitric,  and  muriatic,  had  be- 
come known  to  tlie  alchemists  ; as  had  also  the  nitro-muri- 
atic  acid,  and  its  property  of  dissolving  gold.  The  three 
alkalis,  under  forms  more  or  less  pure,  had  been  discover- 
ed, and  processes  given  for  their  preparation.  A number 
of  the  neutral  salts  were  clearly  distinguished;  borax  is 
mentioned  even  by  Gcber.  The  metallic  salts  having  been 
still  more  the  objects  of  experiment,  many  of  their  pro- 
perties were  observed,  and  processes  for  preparing  them 
described.  And  the  number  of  the  metals  w\as  augment- 
ed by  the  discovery  of  zinc,  antimony,  bismuth  and  arse- 
nic. 

Chemistry,  therefore,  at  the  conclusion  of  this  period, 
though  obscured  by  the  follies  of  Alchemy,  had  become 
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rich  in  facts  and  experiments ; some  of  its  most  powerful, 
agents  had  been  detected  ; the  instruments  of  its  principal 
operations  invented,  and  the  methods  of  conducting  its 
processes  improved ; the  chemical  arts  had  advanced  to 
greater  perfection  ; and  the  principles  of  the  science  were 
even  so  far  developed,  that  the  absurdities  by  which  its 
progress  had  been  retarded  began  to  be  perceived,  more 
rational  objects  of  investigation  engaged  the  attention  of 
its  cultivators,  and  more  correct  views  of  theory  guided 
their  researches.  The  application,  too,  of  chemical  pre- 
parations as  remedies,  connected  Chemistry  with  Phar- 
macy and  with  the  more  liberal  profession  of  Medicine  j 
and  the  attention  of  those  who  prosecuted  these  researches 
was  thus  withdrawn  from  the  fruitless  pursuit  after  the  art 
of  tiansmutation,  and  directed  to  an  object  beneficial  in 
^ itself,  and  unconnected  with  concealment  and  imposture. 

The  general  revolution  in  Philosophy  which  overturned 
the  scholastic  system,  and  established  the  method  of  induc- 
tion from  observation  and  experiment,  contributed  to  the 
improvement  of  Chemistry  in  common  with  the  other  phy- 
sical sciences.  Bacon  first  assigned  it  its  proper  rank  in 
the  scale  of  natural  knowledge,  and,  in  his  masterly  survey 
of  human  knowledge,  pointed  out  its  peculiar  characters; 
he  reviewed  its  history-,  investigated  the  causes  which 
had  obstructed  its  advancement,  and  suggested  a number 
of  investigations  which  he  supposed  might  be  successfully 
prosecuted.  Chemical  inquiries  formed  a principal  object 
of  attention  among  the  learned  societies  instituted  for 
experimental  investigation ; and  these  inquiries  soon  as- 
sumed that  form,  and  were  conducted  with  those  views, 
which  continued  afterwards  to  mark  the  progress  of  na- 
tural philosophy  in  all  its  branches. 

In  these  labours,  Kunckel,  Homberg,  the  two  Lemerys, 
and  the  Geoffreys  distinguished  themselves.  In  England, 
Boyle,  Hooke,  and  Mayow  were  occupied  principally  in 
researches  on  the  aerial  fluids  disengaged  in  chemical 
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operations,  and  on  the  influence  of  atmospheric  air  in  com- 
bustion and  in  respiration.  They  shewed  the  extrication  of 
aerial  matter  in  numerous  cases  of  chemical  action,  and 
observed  the  difference  of  these  airs  and  vapours  from  at- 
mospheric air.  They  also  proved  that  the  presence  of  the 
air  is  necessary  to  support  combustion,  and  that  in  sus- 
taining this  process  it  suffers  diminution  of  volume.  The 
$tate  of  knowledge,  however,  was  not  sufficiently  advanced 
to  admit  of  those  investigations  being  followed  with  sue- 
cess  *,  and  though  they  led  to  some  anticipations  of  im- 
portant truths  established  at  a later  period,  they  were  not 
immediately  prosecuted,  their  importance  wa?  not  duly 
appreciated,  and  they  had  little  influence  in  the  progress 
of  the  science. 

Chemistry  is  indebted  to  Newton  for  the  generalization 
of  its  phenomena,  so  far  as  relates  to  the  peculiar  power  on 
which  they  principally  depend.  Having  demonstrated  the 
laws  of  gravity,  and  their  application  to  1;he  sensible  mo- 
tions of  the  universe,  his  views  suggested  the  speculation 
which  had  before  been  but  hinted  at,  that  there  might  ex- 
ist other  species  of  attraction,  exerted  not  at  measurable 
distances,  but  only  between  the  minute  particles  of  matter 
in  apparent  contact ; and  that  to  such  an  attraction  the 
phenomena  of  chemical  action  might  be  ascribed.  He  re- 
viewed, in  conformity  to  this  supposition,  the  principal 
facts  in  Chemistry  known  at  that  period ; from  these  he 
inferred  the  existence  of  this  attraction,  and  from  its  ex- 
ertion amongbodies  with  different  degrees  offeree,  explain- 
ed the  phenomena  of  combination  and  decomposition. 
These  conclusions  were  soon  adopted  by  chemists.  Stahl 
illustrated  them,  and  Geoffroy  attempted  to  investigate 
the  relative  forces  of  attraction  among  bodies,  and  exhibit- 
ed them  in  the  form  of  tables, — a happy  contrivance,  which 
' contributed  to  give  more  precision  to  chemical  reasoning, 
Boerhaave  presented  the  general  doctrines  and  the  pro- 
cesses of  chemistry  in  a systematic  form,  and  with  much 
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just  criticism  on  the  absurdities  by  which  its  progress  had 
been  retarded.  Hoffman,  his  cotemporary,  and  his  rival 
as  a systematic  physician,  contributed  in  a similar  man- 
ner, as  well  as  by  some  experimental  researches,  to  the 
advancement  of  the  science.  And  Neuman,  Pott,  Brandt 
and  others,  in  the  same  spirit  of  just  investigation,  prose- 
cuted a number  of  researches,  which  the  existincr  state  of 
knowledge  suggested. 

Hitherto,  Chemistry  might  be  considered  as  nearly  a 
collection  of  insulated  facts,  no  general  theory  of  the  ele- 
ments ol  bodies  and  their  mutual  actions  and  combinations 
having  been  framed.  This  had  indeed  sometimes  been  a 
subject  of  speculation  in  the  schools ; but  in  a manner  al- 
together vague  and  hypothetical,  and  having  no  relation 
to  chemical  investigation.  The  chemists,  perceiving  the 
importance  of  their  researches  in  leading  to  a knowledge 
of  the  constitution  of  bodies,  began  to  advance  different 
views ; the  chemical  agents  which  they  had  discovered  to 
be  most  general  and  powerful  in  their  action,  they  na- 
turally considered  as  the  elements  of  matter ; and  hence 
arose  their  speculations  with  regard  to  salt,  sulphur  and 
mercury,  water  and  earth,  as  elementary  principles.  Bee- 
cher, a German  chemist,  endeavoured  to  mature  and  re- 
fine this  system  ; and  his  views  excite  interest,  as  having 
given  rise  to  the  celebrated  hypothesis  of  his  countryman 
Stahl. 

Beecher  had  advanced  the  notion,  that  the  properties  of 
combustible  bodies,  and  particularly  their  inflammability, 
depend  on  a common  principle.  Inflammable  earth,  as 
he  named  it;  and  fire  or  burning  he  considered  as  the 
effect  of  this  principle  brought  into  motion.  Stahl  so  far 
adopted  these  ideas,  as  to  suppose  the  existence  of  a com- 
mon principle  of  inflammability  ; but  he  regarded  it  sim- 
ply as  the  matter  of  heat  and  light.  He  gave  iuhe  name 
of  Phlogiston,  or  Pure  Fire.  Combustion  he  considered 
as  the  evolution  of  this  principle,  whence  the  production 
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of  light  and  lieat  which  attend  it ; the  suhgtance  which 
remains  after  the  combustion  he  supposed  to  be  the  base  with 
which  the  phlogiston  had  been  combined  : having  lost  this 
piinciple,  it  is  of  course  no  longer  inflammable  ; but  if  it 
leccive  it  from  another  inflammable  substance,  the  former 
regains  inflammability,  which  the  latter  loses.  Stahl  ex- 
tended these  views  to  the  other  cases  of  chemical  action, 
in  wliicli  changes  are  produced  analogous  to  those  of  com- 
bustion, and  thus  formed  a system  which  was  extensively 
connected  with  the  details  of  the  science.  Though  no 
}n-oof  was  given  of  its  truth,  it  appeared  to  afford  abatis- 
factory  explanation  of  the  more  familiar  phenomena  of 
combustion  ; and  it  connected  a number  of  analogous  facts, 
loi  a considerable  period,  therefore,  it  was  universally  re- 
ceived ; and  the  implicit  faith  which  was  given  to  it  con- 
veys an  useful  lesson  with  regard  to  the  caution  with  w'hich 
a theoretical  system  ought  to  be  received.  It  continued 
to  be  defended  long  after  its  imperfections  had  become 
apparent;  and  was  even  relinquished  with  reluctance  after 
it  had  been  proved  to  be  founded  on  an  imperfect  know- 
ledge of  the  changes  which  take  place  in  combustion,  and 
to  involve  assumptions  altogether  false. 

At  this  period  the  history  of  Chemistry  as  a science 
may  properly  be  said  to  commence.  The  methods  of 
strict  analysis  were  first  employed  by  Margraaf,  and  were 
soon  afterwards  improved  by  Bergman,  by  whom  also  was 
introduced  that  precision  in  assigning  the  proportions  of 
the  elements  of  compounds,  and  in  general,  indeed,  in 
conducting  chemical  researches,  so  indispensable  to  their 
value.  The  same  chemist  ably  illustrated  the  doctrines  of 
attraction.  Rouellc,  Macquer,  Cronstedt,  Gahn,  and 
others,  enriched  the  science  by  numerous  researclies  in  its 
different  departments,  elucidated  its  principles,  reformed 
its  processes,  and  extended  its  limits  by  the  analysis  of 
compounds,  and  by  the  discovery  of  simple  substances, 
which  had  not  before  been  distinguished. 
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Another  aera  commences  with  the  researches  of  Black. 
The  disengagement  of  elastic  fluids  in  chemical  experi- 
ments had  often  been  observed  ; some  facts  were  even 
known  with  regard  to  their  more  obvious  properties  ; and 
the  experiments  of  Boyle,  Mayow  and  Hooke,  on  the  in- 
fluence of  atmospheric  air  in  the  processes  of  combustion 
and  respiration,  had  they  been  well  understood,  establish- 
ed important  results.  But  the  state  of  knowledge  in  this 
department  of  Chemistry  was  extremely  imperfect  and 
vague  ; and  the  first  precise  ideas  with  regard  to  the  che- 
mical agencies  of  these  aerial  substances  were  communica- 
ted  by  Dr  Black’s  discoveries.  In  examining  the  pro- 
perties of  an  earthy  body,  magnesia,  then  newly  disco- 
vered, he  found  reason  to  conclude,  that  in  certain  states 
it  contains  a portion  of  an  aerial  substance,  from  which  in 
others  it  is  free.  The  same  result  he  established  with  re- 
gard to  lime,  and  the  alkalis  ; and  though  he  did  not  ac- 
tually obtain  this  substance.  Fixed  Air  as  he  named  it,  he 
clearly  demonstrated  its  existence,  shewed  that  it  is  sub- 
ject to  the  laws  of  chemical  attraction,  and  that  it  pro- 
duces important  modifications  in  the  properties  of  the 
bodies  with  which  it  combines.  His  still  more  profound 
discovery  of  Latent  Heat,  threw'  light  on  the  formation  of 
aerial  substances,  and  on  the  most  striking  phenomena 
which  attend  their  combinations. 

Tliese  discoveries  opened  a path  of  investigation,  the 
prosecution  of  which  ultimately  led  to  those  views  which 
gave  rise  to  what  has  been  named  the  Modern  Theory  of 
Chemistry.  Cavendish  procured  the  fixed  air  of  Dr  Black 
in  its  insulated  form,  and  ascertained  its  most  striking 
properties.  Fie  discovered  another  aerial  body  altogether 
different  in  its  nature,  distinguished  by  its  great  levity  and 
high  inflammability.  And  at  a later  period,  Chemistry  was 
indebted  to  him  for  the  brilliant  discoveries  of  the  com- 
position of  water,  and  of  nitric  acid.  Priestley  prosecuted 
these  researches  with  still  more  ardour,  and  in  the  career 
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of  Pneumatic  Chemistry  surpassed  all  liis  cotemporaries 
in  the  number  of  his  discoveries.  Those  of  greatest  im- 
portance are  the  knowledge  of  oxygen  gas,  and  of  its 
power  of  supporting  combustion  and  animal  life  by  re- 
spiiation,  of  nitrous  and  nitric  oxide  gases,  of  ammonia, 
of  muriatic,  fluoric,  and  sulphurous  acid  gases,  and  the 
effects  of  vegetation  on  atmospheric  air;  to  which  are  to 
be  added  numeious  insulated  facts  of  minor  importance, 
many  disquisitions  on  questions  connected  with  cliemical 
theoi  V,  and  the  invention  of  the  most  useful  instruments 
and  methods  of  operating  on  the  gases.  To  Scheele,  a 
Swedish  chemist,  is  likewise  due  the  discovery  of  oxygen, 
Priestley’s  investigations  with  regard  to  it  being  unknown 
to  him.  He  flirther  demonstrated  its  existence  as  an  in- 
gredient of  atmospheric  air  ; detected  the  distinctive  pro- 
perties of  nitrogen,  the  other  elastic  fluid  with  which  it  is 
combined,  and  thus  established  the  grand  discovery  of  the 
composition  of  the  atmosphere.  In  other  departments  of 
Chemistry  his  acquisitions  were  numerous  and  important; 
•and  to  Scheele,  above  all  chemists,  is  due  the  praise  of 
having  accomplished,  under  the  fewest  external  advan- 
tages, and  with  means  comparatively  inadequate,  the  most 
splendid  discoveries,  difficult  in  themselves,  requiring  the 
most  accurate  discrimination,  and  the  highest  exertion  of 
inventive  skill;  and  some  of  them  such,  that  so  far  from 
being  the  results  of  the  progress  of  the  science,  they  might 
but  for  his  labours  have  remained  still  unknown. 

Lavoisier  had  also  entered  the  path  of  Pneumatic  Chemis- 
try,  and  to  him  belongs  the  merit  of  discovering  more  clearly 
the  relations  unfolded  by  the  modern  researches,  and  the 
views  to  which  they  led.  The  hypothesis  of  Stahl  was  at  this 
period  universally  received  by  chemists,  and  the  numerous 
facts  recently  established  were  endeavoured  to  be  recou- 
ciled  to  It,  even  when  they  appe.ared  most  adverse  to  its 
principles.  Lavoisier  detected  its  ffillacy ; perceived  that 
it  was  founded  on  an  imperfect  knowledge  of  the  pheno- 
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mena  it  attempted  to  explain  *,  and  that  it  was  subverted 
by  the  progress  of  the  science.  The  influence  of  the  air 
in  combustion  had  not  altogether  escaped  observation  : it 
had  even  been  demonstrated  by  the  experiments  of  Boyle, 
Mayow,  and  Hooke,  that  its  presence  is  indispensable  to 
burning.  But  this  had  passed  unnoticed  by  StahL  It 
had  now  been  placed  in  a clearer  light,  and  established 
with  more  precision.  In  particular,  it  had  been  shewn, 
that  the  power  of  atmospheric  air  in  supporting  combus- 
tion depends  on  its  oxygen,  which  is  uniformly  consumed 
during  the  burning.  Various  hypotheses  were  framed  to 
reconcile  these  facts  with  the  doctrine  of  a common  prin- 
ciple of  inflammability.  Lavoisier,  finding  no  just  proof 
of  the  existence  of  such  a principle,  was  led  to  reject  it, 
and  drew  the  simple  conclusion,  that  the  oxygen  of 
the  air  which  disappears  in  combustion  combines  with  the 
combustible  body.  Availing  himself  of  Dr  Black  s dis- 
covery, that  bodies  in  the  aeriform  state  contain  a large 
quantity  of  heat,  not  sensible  by  its  usual  effects,  he  as- 
cribed the  elevation  of  temperature,  which  attends  com- 
bustion, to  the  evolution  of  this  heat  in  consequence  of 
the  oxygen  losing  its  aerial  form.  The  phenomena  of 
deflairration  and  detonation,  and  the  calcination  of  metals, 
were  explained  on  the  same  principles.  The  substances 
formed  by  combustion  being  in  a number  of  cases  possess- 
ed of  the  properties  of  acids,  the  same  views  led  to  the 
theory  of  acidity ; — that  this  general  chemical  property 
depends  on  the  action  of  oxygen, — and  on  the  same  fact  of 
the  presence  of  oxygen  in  acids,  their  chemical  agencies 
were  explained.  A system  was  thus  formed,  which  em- 
braced an  immense  number  of  chemical  phenomena,  and 
was  indeed  more  or  less  strictly  connected  with  nearly  all 
the  departments  of  the  science. 

This  system,  though  superior  to  the  established  doc- 
trine in  simplicity,  in  the  evidence  of  its  principles,  and 
in  their  adaptation  to  the  phenomena,  was  received  with 
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leluctaiice  : it  was  at  first  indeed  warmly  opposed  by  near- 
ly all  Lavoisier’s  cotemporaries,and  continued  for  a time 
to  be  rejected  by  those  of  the  highest  eminence.  Sup- 
ported, however,  on  its  real  merits,  defended  by  just  rea- 
soning, and  confirmed  liy  experiments  distinguished  by 
their  precision,  it  was  finally  established.  In  France  La 
Place,  Berthollet,  Guyton,  and  other  chemists  of  cele- 
brity,  united  in  its  defence.  In  other  countries  it  gradually 
gained  strength.  And  although  the  progress  of  discovery 
has  led  to  some  modification  of  its  principles,  there  re- 
mains to  It  the  high  distinction  of  an  induction  which 
overturned  a false  hypothesis,  which  constituted  an  im- 
portant stage  in  the  advancement  of  the  science,  which  in 
many  of  its  parts  is  just,  and  which  will  always  form  a 
leading  division  of  chemical  theory. 

Subsequent  to  this  period,  Chemistry  continued  to  be 
enriched  with  numerous  insulated  discoveries  : the  doc- 
trines of  heat  had  been  more  minutely  investigated  by 
Irvine  and  Crawford  : those  of  attraction  were  prosecuted 
by  Kirvvan,  Richter  and  Berthollet;  new  substances  w'ere 
discovered,  and  their  chemical  relations  traced,  and  more 
accuracy  was  given  to  the  results  of  former  investigations. 
At  no  distant  interval,  the  discovery  of  Voltaic  Electri- 
city added  another  department  to  the  science  ; and  the 
pile  of  Volta  conferred  a powerful  instrument  of  analysis, 
the  application  of  which  led  to  the  knowledge  of  the  con- 
stitution of  some  important  compounds.  Still  more  re- 
cently, the  discovery  of  certain  laws  which  regulate  che- 
mical combination  has  brought  calculation  to  the  aid  of 
expel  iment,  and  may  ultimately  give  to  the  researches  of 
Chemistry  some  degree  of  mathematical  precision.  While 
by  these  and  other  discoveries,  the  aspect  of  the  science 
has,  within  these  few'  years,  been  materially  changed,  much 
of  what  was  regarded  as  established  has  been  rendered 
doubthd,  and  new  views  of  theory  have  been  introduced, 
which  remain  at  present  the  subjects  of  discussion. 
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The  last  object  in  this  introductory  discourse  is  to  state 
the  principles  on  which  the  objects  of  Chemistry  are  to  be 
arranged. 

The  series  of  physical  actions  to  which  its  investigations 
are  directed,  arise  from  the  operation  of  certain  general 
forces  on  the  particles  of  matter,  producing  changes  in  the 
mode  of  existence,  in  the  constitution,  and  properties  of 
bodies.  The  science,  therefore,  obviously  divides  itself 
into  two  great  departments  ; the  first  comprising  the  in- 
vestigation of  the  general  effects  and  laws  of  these  forces, 
the  second  referring  to  their  operation  on  individual  sub- 
stances. Under  the  former  are  placed  the  doctrines  of 
Attraction,  and  of  Repulsion  as  produced  by  the  operation 
of  Heat,  Light  and  Electricity  : To  the  latter  belongs  the 
history  of  the  chemical  constitution,  properties,  and  com- 
binations of  all  known  bodies. 

There  is  little  difficulty  in  determining  the  order  in 
which  these  divisions  ought  to  be  arranged.  Without 
some  previous  knowledge  of  the  general  principles  of  Che- 
mistry, it  is  impossible  to  state  its  particular  details  with 
advantage,  while  such  a knowledge  facilitates  at  once  the 
acquisition  and  arrangement  of  its  individual  facts  and 
applications.  The  objection  has  been  urged  indeed,  that 
it  is  from  these  facts  that  the  principles  are  inferred,  and 
that  the  latter,  therefore,  cannot  be  illustrated  wdiile  the 
former  remain  unknown.  But  this  difficulty  is  one  un- 
avoidable, to  a certain  extent,  in  cither  mode  of  arrange- 
ment. In  comparing  it  in  relation  to  each,  with  the  cor- 
responding advantages,  it  appears  to  me  that  the  first  me- 
thod is  entitled  to  decided  preference.  It  is  possible  to 
illustrate  the  general  laws  of  chemical  action  by  examples 
from  substances  familiarly  known,  or  wdiich,  though  un- 
known, are  equally  adapted  to  convey  illustrations  of  ab- 
stract truths ; and  these  laws  being  established,  the  details 
of  the  science  can  be  stated  with  more  precision,  and  ren- 
dered more  interesting,  than  when  its  insulated  facts  are 
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presented  unassisted  by  any  knowledge  of  the  princinles 
wjiicli  unfold  their  relations. 

The  arrangement  in  the  first  division  admits  of  little 
diversity.  The  most  natural  order  is  that  of  placing  first 
the  doctrines  of  attraction,  and  after  these,  the  considera- 
tion of  Its  antagonist  powers.  The  second  division  in- 
volves  greater  difficulties.  The  subjects  belonging  to  it 
are  extensive  and  complicated,  and  admit  of  being  asso- 
ciated under  very  different  chemical  relations.  Hence  the 
numerous  systems  of  classification  under  which  individual 
bodies  regarded  as  objects  of  Chemistry  have  been  classed. 
A view  of  the  arrangement  I adopt  is  prefixed  to  this  di- 
vision, at  the  beginning  of  the  second  volume.  The  first 
division  forms  the  subject  of  the  present  volume. 
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PART  I. 


OF  THE  GENERAL  FORCES  PRODUCTIVE  OF 
CHEMICAL  PHENOMENA. 

LL  the  phenomena  of  Chemistry  arise  from  the  at 


tractions  and  repulsions  which  are  exerted  between 
the  particles  of  matter.  By  attraction  these  particles  are 
combined  together;  and  did  no  other  force  operate,  a state 
of  equilibrium  would  be  established,  and  matter,  so  far  as 
relates  to  any  change  of  constitution  in  bodies,  would  be- 
come quiescent.  This  is  counteracted  by  certain  powers 
of  repulsion ; and  by  the  varied  operation  of  these  general 
forces,  that  succession  of  chemical  changes  which  forms 
part  of  the  economy  of  nature,  and  all  those  chemical  pro- 
cesses which  are  effected  by  artificial  arrangements,  are 
called  into  action  and  sustained.  The  statement  of 
the  effects  arising  from  the  action  of  these  forces,  and  the 
investigation  of  the  laws  they  observe,  are  included  under 
what  may  be  regarded  as  the  general  principles  of  the 
science.  According  to  the  plan  1 have  adopted  the  doc- 
trines  of  Attraction  are  first  to  be  considered. 
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X^HE  teini  Attraction  is' employed  to  denote  that  power  or 
force  by  which  bodies  have  a tendency  to  approach  to  each 
other,  to  enter  into  more  or  less  intimate  contact  or  union, 
and  to  remain  in  that  state.  Different  varieties  of  attrac- 
tion have  been  distinguished,  which,  whether  they  be  ulti- 
mately the  same  or  not,  give  rise  to  different  phenomena, 
and  operate  according  to  different  laws. 

A general  distinction  may  be  stated  between  them,  as 
they  operate  at  greater  or  at  less  distances,  and  as  they  af- 
fect the  masses  or  the  particles  of  matter. 

Giavitation,  the  most  general  in  its  agency  of  any  of 
these  atti active  powers,  is  exerted  between  the  laro'est 
masses  of  matter,  at  sensible,  and  often  at  immense  dis- 
tances ; its  tendency  is  to  cause  them  to  approach  until 
their  surfaces  are  in  contact;  its  force,  according  to  the  law 
demonstrated  by  Newton,  being  directly  as  the  mass  or 
quantity  of  matter,  and  inversely  as  the  square  of  the  dis- 
tance. The  Magnetic  and  Electric  Attractions,  though 
they  act  only  on  certain  bodies,  or  under  peculiar  circum- 
stances, so  far  coincide  with  the  attraction  of  gravity,  as  to 
operate  at  sensible  distances,  and  on  masses  of  matter,  and 

even,  as  some  have  attempted  to  prove,  according  to  the 
same  law. 
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There  are  other  varieties  of  attraction,  which  do  not 
affect  masses  of  matter,  but  are  exerted  only  between  its 
minute  particles,  and  which  operate  at  no  sensible  dis- 
tances, but  only  at  apparent  contact. 

Of  this.  Contiguous  Attraction  as  it  may  be  named,  two 
varieties  have  been  distinguished ; one  the  Attraction  of 
Cohesion  or  Aggregation ; the  other.  Chemical  Attraction 
or  Affinity.  The  former  is  exerted  between  the  particles 
of  the  same  kind  of  matter  : it  unites  them  so  as  to  form  a 
mass  or  aggregate,  the  density  or  solidity  of  which  is  pro- 
portional to  the  force  with  which  it  is  exerted,  but  the  es- 
sential properties  are  the  same  with  those  of  the  particles 
which  compose  it.  The  latter  is  exerted  between  the  par- 
ticles of  different  kinds  of  matter;  and  when  it  unites  them, 
forms  substances  having  qualities  which  differ  more  or  less 
from  those  of  the  bodies  which  have  been  combined. 

The  question  has  often  been  proposed,  whether  these 
attractions  may  not  depend  on  one  general  cause,  modi- 
fied in  the  varieties  under  which  it  appears  by  external 
circumstances,  or  whether  they  are  originally  distinct  from 
each  other. 

It  is  no  doubt  true,  that  distant  and  contiguous  attrac-  - 
tions  observe  different  laws ; or  rather  it  cannot  be  shewn 
from  any  phenomena,  that  in  contiguous  attraction  between 
the  particles  of  matter,  the  law  exists,  which  governs  dis- 
tant attraction  between  its  masses.  The  idea  has  been 
conceived,  however,  that  any  difference  which  exists  may 
depend  on  the  modification  arising  from  figure.  Buffon 
remarked,  that  on  the  attraction  of  large  bodies,  placed  at 
vast  distances,  the  figures  of  the  masses  can  have  no  per- 
ceptible influence  ; while  in  contiguous  attraction,  exerted 
at  insensible  distances,  the  figure  of  the  particles,  as  altering 
the  relative  distance,  must  necessarily  operate.  Bergman 
adopted  this  view,  and  Macquer  added  to  its  probability, 
by  the  observation,  “ that  if  gravitation  be  an  essential 
property  of  matter,  as  there  is  reason  to  believe,  its  effects 
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cannot  be  confined  to  very  large  bodies,  separated  by  im- 
mense distances;  but  must  likewise  act  between  their  mi- 
nute particles  at  small  distances,  and  consequently  be  con- 
cerned in  chemical  phenomena.” 

It  must  be  admitted,  however,  that  no  case  of  contiguous 
attraction  has  been  demonstrated  from  the  general  law  of 
gravity,  modified  by  any  assumption  with  regard  to  figure; 
and  these  speculations,  whatever  probability  they  may  have, 
are  not  sufficiently  precise  to  serve  as  the  basis  of  any  the- 
ory. And  as  we  are  unable  to  ascertain  the  figures  and 
positions  of  the  particles  of  matter,  the  laws  of  contiguous 
attiaction  cannot  be  deduced  a j^riori^  but  must  be  infer- 
red fiom  the  observation  of  its  effects. 

There  is  less  reason  to  doubt  but  that  the  two  varieties 
of  contiguous  attraction,  aggregation  and  chemical  attrac- 
tion, are  ultimately  the  same  power,  the  different  effects 
produced  by  their  action  arising  from  the  difference  in  the 
particles  they  unite.  In  the  one  case,  the  particles  being 
of  the  same  kind,  must  form  an  aggregate  possessed  of 
tlieir  general  properties ; in  the  other,  the  particles  being 
dissimilar,  must,  by  their  union,  have  their  properties  more 
or  less  changed.  Admitting  their  identity,  however,  the 
dfects  they  produce  are  so  different,  that  they  require  to 
be  considered  apart. 
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OP  THE  ATTRACTION  OF^ AGGREGATION  OR  COHESION. 


/iGGREOATioN,  OF  that  attraction  exerted  between  par- 
ticles of  the  same  kind  of  matter,  is  a force  which  often 
operates  in  chemical  phenomena,  modifying  the  exertion  of 
chemical  attraction,  and  counteracting  the  action  of  heat. 
Hence  its  effects  are  subjects  of  chemical  investigation. 

The  existence  of  this  attraction  is  easily  demonstrated. 
If  two  particles  of  a similar  kind,  sufficiently  fluid  to  be 
susceptible  of  motion,  are  made  to  approach,  they  unite 
when  they  are  within  a certain  distance  of  each  other ; 
and  the  attraction  by  which  this  is  effected  retains  them 
united,  or  opposes  resistance  to  any  force,  the  tendency  of 
which  is  to  occasion  their  separation. 

In  a solid  mass  of  matter  this  power  acts  with  the  greatest 
force.  The  particles  which  compose  the  mass  are  united 
by  a reciprocal  attraction,  of  such  strength  that  they  are 
not  capable  of  being  moved,  with  regard  to  each  other,  by 
any  mechanical  agent;  and  considerable  resistance  is  op- 
posed to  their  disunion.  In  different  solids  it  is  exerted 
with  different  degrees  of  strength.  In  liquids  it  appears 
to  be  much  weaker,  or  at  least  it  is  exerted  under  such  a 
modification  that  a slight  impulse  is  sufficient  to  disunite 
the  parts,  and  scarcely  any  resistance  is  opposed  to  any 
force,  the  operation  of  which  is  to  bring  these  into  new 
arrangements.  Lastly,  in  substances  existing  in  the  state 
of  vapour  or  of  air,  it  is  entirely  overcome.  The  particles, 
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instead  of  attracting,  repel  each  other ; they  are  made  to 
approximate  only  by  pressure,  and  they  recede  when  this 
is  withdrawn.  Bodies  exist,  therefore,  in  the  aeriform, 
the  liquid,  or  the  solid  state,  according  as  this  attraction 
is  exerted  between  their  particles ; and  it  is  this  power 
which  unites  their  particles.  < 

Aggregation  is  weakened  or  overcome  by  two  causes, 
— by  the  operation  of  heat,  or  by  the  attraction  which  may 
be  exerted  by  the  particles  of  one  body  to  those  of  an- 
other. 

If  a solid  substance  is  exposed  to  heat,  its  volume  is  en- 
larged ; the  particles  composing  it,  therefore,  are  separated 
from  each  other,  and  the  attraction  bj'  which  they  w'ere 
kept  in  union  is  counteracted.  The  enlargement  of  vo- 
lume continues  to  proceed,  as  the  heat  is  increased,  until 
the  point  is  reached  at  which  the  attraction  is  so  far  mo- 
dified that  the  body  passes  into  tho  fimVl  form.  If  the  ap- 
plication of  heat  be  continued,  the  particles  are  still  far- 
ther separated  from  each  other ; and  this  continues  in- 
creasing, until  the  attraction  between  them  is  overcome, 
a repulsion  is  established,  and  the  fluid  passes  into  the 
aerial  form. 

The  same  changes  may  be  produced  by  the  exertion  of 
c|iemical  attraction.  If  a liquid  be  poured  on  a solid,  it 
often  happens,  that  from  the  mutual  attraction  exerted 
between  them,  the  aggregation  of  the  solid  is  subverted, 
its  particles  are  detached,  and  diffused  through  the  liquid, 
so  as  to  be  no  longer  perceptible,  and  not  even  to  impair 
the  transparency.  This  constitutes  the  chemical  process 
named  Solution,  which  is  merely  a case  of  chemical  com- 
bination, differing  from  others  in  the  circumstance  that 
one  of  the  bodies  exists  in  the  liquid  form,  and  communi- 
cates that  form  to  the  other.  It  is  the  result  of  tlie  pre- 
dominance of  the  mutual  affinity  of  the  liquid  and  solid 
over  the  cohesion  of  the  solid.  The  affinity  exerted  to  a 
solid  by  a substance  in  the  aerial  form,  may  in  like  man- 
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ner  overcome  its  cohesion,  and  cause  it  to  pass  into  the 
aeriform  state.  And  even  tlie  mutual  attraction  exerted 
between  two  solids  is  sometimes  such,  as  to  diminish  the 
power  of  cohesion  in  each  so  as  to  admit  of  their  union, 
and  their  transition  to  a liquid  state.  Heat,  by  diminish- 
ing cohesion,  promotes  these  changes. 

When  these  powers,  whether  of  heat  or  chemical  affi- 
nity, are  withdrawn,  cohesion  resumes  its  force.  By  re- 
ducing heat  sufficiently,  an  aerial  body  may  be  brought 
to  the  state  of  fluidity  ; and  liquids,  by  sufficient  cooling, 
may  be  rendered  solid.  The  suspension  of  chemical  affi- 
nity, in  other  cases,  gives  rise  to  the  same  changes  of  form, 
so  that  a solid  is  deposited  from  a liquid,  or  air,  in  which 
it  had  been  dissolved. 

When  the  attraction  of  aggregation  is  thus  exerted,  the 
particles  are  sometimes  united  indiscriminately,  so  as  to 
form  irregular  masses ; sometimes  they  pass  into  arrange- 
ments, whence  masses  of  regular  figures  arise. 

The  former  happens  generally  when  attraction  is  ex- 
erted suddenly,  and  with  considerable  force.  If  a liquid 
be  suddenly  cooled  to  a sufficient  extent,  a mass  is  formed 
altogether  irregular.  Or  if  a substance  be  produced  by 
chemical  action,  the  particles  of  which  have  a strong  mu- 
tual attraction,  this  is  exerted  at  the  moment  of  its  pro- 
duction, and  it  is  separated  in  the  form  of  a powder.  This 
latter  case  is  named  in  chemical  language  Precipitation, 
and  the  substance  is  said  to  be  precipitated. 

The  other  result  occurs,  when  aggregation,  previously 
weakened,  either  by  the  operation  of  heat  or  of  chemical 
attraction,  resumes  its  force  more  slowly;  the  particles 
then  assume  a particular  arrangement,  so  as  to  form  mas- 
ses of  regular  figures,  or  bounded  by  plane  surfaces  and 
determinate  angles.  This  result  is  named  Crystallization, 
and  .such  regular  figured  masses  are  denominated  Crystals. 
As  a chemical  operation  of  considerable  importance,  it 
requires  to  be  more  fully  considered. 
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Crystallization  is  of  two  kinds  : first,  as  it  takes  place 
by  cooling  from  fluidity  produced  by  heat,  and  secondly 
from  fluidity  communicated  by  the  operation  of  a solvent. 

Of  the  first  kind  of  crystallization,  water  affords  an  ex- 
ample, in  passing  into  ice.  Long  slender  spiculae  form  in 
the  fluid,  and  from  these  others  shoot  out  at  a certain  an- 
gle, and  this  continues  till  the  interstices  are  filled  with 
these  crystals,  and  the  whole  becomes  a solid  transparent 
mass.  We  have  also  examples  of  it  in  the  metals,  and 
many  other  substances  which,  when  melted  and  cooled 
slowly,  assume  symmetrical  forms.  « 

Of  the  second  kind  of  crystallization,  the  principal  ex- 
amples are  derived  from  the  order  of  salts,  and  a . few  other 
solids  soluble  in  water ; and  with  regard  to  this,  several 
facts  of  importance  require  to  be  stated. 

The  solution  of  a solid  in  a fluid  being  increased  by- 
heat,  a larger  quantity  of  the  solid  is  kept  in  solution  at  a 
high  than  at  a low  temperature.  If  we  prepare,  therefore, 
a solution  of  a salt  in  hot  water,  so  that  the  fluid  has  dissol- 
ved as  much  of  the  salt  as  it  can  do,  on  allowing  it  to  cool, 
the  additional  portion  of  salt  which  the  heat  enabled  the 
water  to  dissolve,  separates,  and  unless  the  cooling  is  very 
rapid,  the  particles  of  the  solid,  in  approaching  to  each 
other,  pass  into  those  regular  arrangements  which  consti- 
tute crystals. 

The  same  result  is  obtained  by  withdrawing  part  of  the 
liquid  by  which  the  solid  is  tlissolved.  If  this  be  done  slow- 
ly, as  by  spontaneous  evaporation,  the  particles  obey  the 
law  of  attraction  which  unites  them  in  regular  forms  ; and 
crystals  are  in  this  way  formed,  frequently  more  regular, 
and  of  a larger  size,  than  by  reducing  the  temperature  of 
the  solution. 

In  both  cases,  the  fluid  in  which  the  crystals  form  is 
still  a saturated  solution  of  the  solid,  and  on  a farther  eva- 
poration, affords  crystals. 

The  slower  the  formation  of  a crystal,  the  more  perfect 
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is  its  symmetrical  arrangement ; it  is  also  larger,  harder, 
and  more  transparent : while,  when  the  process  is  rapid, 
or  is  disturbed  by  agitation,  the  arrangement  is  less  re- 
gular, and  the  form  incomplete.  Hence  the  crystals  form- 
ed in  nature  are  in  general  more  perfect  than  those  pro- 
duced by  artificial  processes. 

Crystallization  is  promoted  by  affording  a nucleus  or 
solid  point  at  which  it  may  commence,  and  still  more  so 
if  a crystal  be  introduced  into  the  solution.  Crystalliza- 
tion immediately  commences  from  it,  if  the  solution  be  a 
saturated  one,  and  it  is  even  capable  of  causing  a part  of 
the  solid  to  be  separated  which  the  water  at  the  tempera- 
ture at  which  it  takes  place  could  have  retained  dissolved. 
Even  the  regularity  of  the  figure  of  the  crystal  has  an  ef- 
fect in  rendering  the  crystallization  more  regular  ; and  on 
this  Le  Blanc  gave  a method  of  obtaining  large  and  per- 
fect crystals.  It  consists  in  selecting  very  regular  crystals 
of  a salt  that  have  been  newly  formed,  and  putting  them 
into  a saturated  solution  of  the  same  salt.  They  increase 
in  size ; and  as  the  side  which  is  in  contact  with  the  vessel 
receives  no  increase,  they  are  turned  daily,  to  preserve 
their  regularity.  After  some  time,  the  largest  and  most 
regular  of  these  crystals  are  selected,  and  the  same  pro- 
cess is  repeated  on  them  *. 

The  access  of  the  air  has  an  important  influence  on  this 
process.  If  a saturated  solution  of  salt,  while  hot,  be  put 
into  a vessel  from  which  the  air  is  excluded,  it  does  not 
crystallize  even  when  cold.  But  when  the  air  is  admitted, 
the  crystallization  instantly  commences,  and  proceeds  with 
rapidity.  This  eflect  was  supposed  to  depend  on  the  pres- 
sure of  the  atmosphere,  which,  when  suddenly  introduced, 
causes  approximation  of  the  particles  of  salt  in  the  solu- 
tion, and  thus  favours  the  exertion  of  their  mutual  attrac- 
tion, so  as  to  cause  crystallization.  And  in  support  of  this 
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it  was  stated  by  Dr  Higgins,  that  any  pressure,  equivalent 
to  that  of  the  atmosphere,  as  the  pressure  of  a column  of 
mercury,  has  the  same  effect  *.  This  explanation,  how- 
ever, docs  not  appear  to  be  altogether  just.  Some  anoma- 
lous facts  have  long  been  known  with  regard  to  the  experi- 
ment, particularly  that  the  result,  even  with  solutions  of  the 
same  strength,  is  uncertain;  the  salt  sometimes  crystallizes 
in  part,  even  while  the  air  is  excluded  ; sometimes,  on  the 
other  hand,  the  crystallization  does  not  take  place  when  the 
air  is  admitted,  unless  agitation  be  employed  ; and  some- 
times not  even  with  the  aid  of  this,  unless  a crystal  of  the 
salt  be  dropt  in,  which  acting  as  a nucleus  always  causes  it 
to  commence.  It  occurs  only  with  regard  to  some  salts,  more 
particularly  vvith  sulphate  of  soda;  while  there  are  others, 
as  nitre,  alum,  sulphate  of  potash,  muriate  of  ammonia, 
and  phosphate  of  soda,  which  crystallize  from  their  saturated 
solution  with  equal  facility  in  vacuo  as  under  exposure  to 
the  atmosphere.  Gay-Lussac  farther  found,  that  if  the 
air  be  excluded,  though  the  pressure  of  the  atmosphere  be 
admitted,  as  by  the  simple  contrivance  of  putting  a layer 
of  oil  over  the  solution  while  hot,  crystallization  does  not 
take  place  when  the  liquor  is  cold,  but  it  instantaneously 
happens  when  a crystal  of  the  salt  is  dropt  in  : he  also 
found,  that  the  crystallization  was  not  produced,  when  the 
air  w'as  excluded,  by  the  pressure  of  a column  of  mercury 
being  applied;  while,  on  the  other  hand,  when  the  solution 
remains  in  vacuo  under  diminished  pressure  without  crys- 
tallizing, the  introduction  of  the  smallest  quantity  of  any 
aerilbrm  fluid  causes  it  to  crystallize  f.  Some  similar  re- 
sults were  observed  by  Dr  CoxeJ.  These  facts  seem  to  prove, 
that  the  effect  of  the  air  does  not  depend  on  its  pressure. 
Gay-Lussac  supposed  that  its  action  might  perhaps  depend 


* Minutes  of  a Society  for  Philosophical  Experiments,  p.  89. 
■f  Philosophical  Magazine,  vol.  44.  p.  44. 
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tjn  the  circumstance  of  the  air  of  the  aqueous  solution  be- 
ing expelled  during  the  boiling,  and  hence  of  a portion  of 
it  being  absorbed  on  its  admission,  which  lessening  the 
solvent  power  causes  the  precipitation  of  the  salt.  Yet  he 
remarks,  as  unfavourable  to  this  supposition^  that  a very 
small  quantity  of  air  is  absorbed  by  a saline  liquor,  and 
even  this  takes  place  very  slowly.  And  the  fact  stated  by 
Dr  Coxe,  of  the  saline  liquor  remaining  exposed  to  the 
air  without  crystallizing  until  agitation  be  employed,  does 
not  accord  with  this  opinion.  The  effect,  after  all,  proba- 
bly depends  principally  on  the  agitation  changing  the  po- 
sition of  the  particles,  and  the  percussion  causing  their  ap- 
proximation. The  effect  of  agitation  is  undoubted.  If 
the  pressure  of  the  atmosphere,  or  any  equivalent  pressure, 
be  slowly  and  equably  applied,  it  will  act  on  the  whole  mass 
of  fluid,  and  hence  the  effect  may  not  be  obtained.  But 
if  pressure  be  introduced  suddenly,  the  agitation  and  the 
percussion  at  the  surface  may  cause  the  approximation 
of  the  particles  and  their  change  of  position,  and  hence  the 
effect  obtained  by  Dr  Higgins  in  this  mode.  And  even 
the  sudden  introduction  of  a portion  of  air  without  much 
pressure,  may  by  the  agitation  produce  the  effect.  The 
crystallization  of  some  salts  may  depend  more  than  that  of 
others  on  certain  positions  of  their  particles,  perhaps  from 
their  figure  or  magnitude;  and  this  may  be  the  reason  wh}’^ 
they  are  differently  affected  by  these  causes,  with  regard  to 
the  facility  of  the  result. 

During  crystallization  heat  is  rendered  sensible : this  is 
apparent  in  the  experiment  just  stated,  from  the  rapidity 
of  the  crystallization.  In  many  cases,  the  volume  of  the 
substance  crystallizing  is  enlarged,  as  in  the  examples  of 
water,  iron,  and  a number  of  salts  ; in  others  the  volume 
is  diminished.  Quicksilver,  in  congealing,  contracts  about 
of  its  whole  bulk  ; yet  it  exhibits  the  crystalline  texture, 
and  when  the  congelation  is  partial,  the  crystalline  figure 
can  even  be  discovered. 
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Crystals  deposited  from  water  always  contain  a quantity 
of  it,  which  is  retained  by  the  affinity  of  the  solid,  and  has 
passed  witli  it  into  the  concrete  form.  It  is  termed  Wa- 
ter of  Crystallization.  Its  quantity  is  various  ,•  sometimes 
it  equals  or  exceeds  tlie  weight  of  tlie  solid,  and  sometimes 
it  amounts  only  to  a few  parts  in  the  hundred.  If  the  wa- 
ter of  ciystullization  be  expelled  from  a crystal,  it  Joses  its 
transparency  and  density,  and  at  length  its  form.  Crys- 
tals when  they  part  with  their  water  of  crystallization  on 
exposure  to  the  atmosphere,  are  said  to  effloresce,  and  to 
deliquesce  when  they  attract  water  and  become  humid. 
These  results,  however,  depend  much  on  the  state  of  the 
atmosphere  with  regard  to  humidity.  In  a very  dry  at- 
inosphei;^  almost  all  salts  are  efflorescent,  while  in  a hu- 
mid atmosphere  they  are  usually  more  or  less  deliques- 
cent, and  some  of  them  considerably  so,  which  in  a drier 
air  suffer  no  sensible  change. 

O 

Besides  the  portion  of  water  existing  in  combination 
with  the  salt,  as  water  of  crystallization,  a portion  may, 
and  frequently  is  lodged  mechanically  diffused  in  the  crys- 
tals. Berzelius  remarks,  that  crystals  are  not  perfectly  so- 
lid, but  rather  consist  of  laminae  united  together ; and  in 
the  interstices  of  these,  a portion  of  the  liquor  from  which 
the  crystals  have  been  formed  may  be  retained.  Hence 
the  reason  that  the  crystals  of  salt,  which  have  been  form- 
ed from  a solution  containing  also  other  salts,  is  almost 
uniformly  impure,  from  a slight  intermixture  of  them  ; 
and  arc  only  purified  by  repeated  crystallization,  by  which 
the  quantity  of  this  becomes  at  lengtli  imperceptible ; and 
hence  also  he  affirms,  that  crystals  of  a small  size  are  purer 
than  those  which  are  large.  It  is  this  water,  and  not  the 
proper  water  of  crystallization,  which,  when  the  crystal  is 
heated,  causes  it  to  split  with  a crackling  noise,  giving  rise 
to  what  is  called  Decrepitation. 

Some  substances  have  so  strong  an  affinity  to  the  fluid 
in  which  they  are  dissolved,  that  they  do  not  crystallize. 
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In  some  cases,  their  crystallization  may  be  effected  by  add- 
ing to  the  solution  a substance  exerting  an  affinity  to  the 
fluid,  and  of  course  weakening  its  affinity  to  the  solid  it 
holds  dissolved.  The  addition  of  alcohol  promotes  crys- 
tallization in  this  way. 

As  different  bodies  require  different  quantities  of  water 
for  their  solution,  it  is  possible  to  obtain  two  such  sub- 
stances apart  by  crystallization,  when  they  have  been  dis- 
solved in  one  fluid*,  the  one  which  is  least  soluble,  or  most 
disposed  to  crystallize,  first  passing  to  the  solid  form;  and, 
by  farther  evaporation,  the  other  being  obtained.  A fact 
rather  singular  is  noticed  by  Kirwan,  that  if  into  a sa- 
turated solution  of  two  salts  in  water,  a crystal  of  either 
be  put,  that  salt  crystallizes  in  preference  to  the  other. 

Salts,  the  solubility  of  which  in  water  is  unequally  pro- 
moted by  heat,  may  also  be  obtained  separately  from  the 
same  solution  by  crystallization.  Thus,  if  one  salt  be 
more  soluble  in  hot  than  in  cold  water,  and  another  be 
equally  soluble  or  nearly  so  at  any  temperature,  on  evapo- 
rating the  solution  sufficiently,  the  latter  salt  will  crystal- 
lize while  the  liquor  is  hot ; the  other  will  remain  dissol- 
ved, but  on  cooling  will  shoot  into  crystals  ; and,  by  al- 
ternate evaporation  and  cooling,  the  two  may  be  obtained, 
though  generally  with  a little  intermixture  of  each  other. 
Sometimes,  however,  even  when  they  have  different  ten- 
dencies to  crystallization,  their  mutual  affinity  causes  them 
to  crystallize  in  one  mass,  and  to  assume  a form  different 
from  that  in  which  separately  they  would  have  crystallized. 
In  other  cases,  this  mutual  affinity  between  substances  in 
solution  is  able  to  resist  their  crystallization,  or  to  render  it 
more  difficult,  and  sometimes  the  operation  of  crystalliza- 
tion seems  to  produce  a change  in  the  state  of  combination. 

From  these  several  causes  the  separation  of  salts  by 
crystallization  from  a compound  solution,  even  where  it 
occurs  to  a considerable  extent,  is  scarcely  ever  perfect. 
Each  salt  does  not  separate  at  a certain  stage  of  concen- 
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tratioii,  but  the  separation  is  considerably  dependent  on 
the  proportions,  and  with  the  less  soluble  salt  a portion 
of  the  more  soluble  generally  separates.  In  evaporating, 
for  example,  a solution  of  Glaubers  salt  and  of  sea-salt, 
the  former,  which  according  to  its  solubility  ought  to  re- 
main in  solution,  separates  even  to  a certain  extent  with 
the  first  crystals  of  the  other.  The  higher  the  tempera- 
ture, too,  at  which  crystallization  takes  place,  the  more  in 
general  are  the  successive  deposites  mixed  ; hence  by  a 
slow  evaporation  salts  are  obtained  more  pure. 

Crystallization  sometimes  takes  place  when  bodies  in  the 
aerial  lorm  become  subject  to  the  attraction  of  aggrega- 
tion, as  is  conspicuous  in  the  crystalline  arrangement  of  a 
flake  of  snow. 

Solids  separated  from  a liquid  by  chemical  action,  in 
some  instances,  in  the  moment  of  their  separation,  assume 
a crystallized  form,  usually,  however,  in  minute  grains. 

The  theory  of  crystallization  is  still  obscure,  so  far  as 
relates  to  the  cause  of  the  regular  forms  to  which  it  gives 
rise.  This  has  been  accounted  for,  on  the  supposition 
that  the  particles  of  bodies  have  different  figures,  and  that 
they  have  a polarity  or  a tendency  to  arrange  themselves, 
in  obeying  the  law  of  cohesion,  by  certain  sides  in  prefer- 
ence to  others ; whence  the  uniformity  of  crystallization 
in  each  individual,  and  the  difference  in  the  figure  of  its 
crystals  from  that  in  others. 

Every  substance  in  crystallizing  is  disposed  to  assume  a 
particular  figure.  Thus,  sea-salt  crystallizes  in  the  form 
of  a cube  ; nitre  in  that  of  a hexaedral  prism.  This,  how- 
ever, is  not  invariable,  but  may  be  altered  by  circumstan- 
ces affecting  the  crystallization  ; and  we  find  the  same 
substance  crystallized  under  a variety  of  forms.  Sea-salt 
crystallizes  not  only  in  cubes,  but  also  in  octaedrons  ; and 
carbonate  of  lime  is  found  in  nature  in  the  form  of  an 
hexaedral  prism,  an  hexaedral,  and  a triedral  pyramid, 
and  in  numerous  other  forms. 
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The  numerous  diversified  figures  of  crystals  may  be  re- 
duced to  others  more  simple,  and  the  prosecution  of  this 
mechanical  analysis  has  led  to  the  development  of  the 
actual  structure,  and  the  theory  of  the  production  of  a 
number  of  secondary  from  certain  primary  forms.  Rome 
de  Lisle  had  conceived  this  idea,  and  had  shewn  that  the 
more  complicated  forms  could  be  derived  from  those  more 
simple,  by  the  different  truncations  of  which  these  are  sus- 
ceptible. To  take  the  most  simple  example,  a cube  may 
be  truncated  in  the  direction  of  its  sides,  its  angles,  or 
edges.  If  the  angles  be  cut  off,  we  have  no  longer  a fi- 
gure of  six  sides,  but  of  fourteen ; if  the  edges  be  struck 
off,  they  will  be  replaced  by  twelve  faces,  and  the  figure 
will  have  eighteen  sides ; or,  if  the  cube  be  truncated  in 
the  direction  parallel  to  one  of  its  faces,  the  equality  of  its 
sides  will  be  destroyed,  and  a rectangled  parallelopipedon 
be  produced.  In  this  manner  De  Lisle  prosecuted  the 
modifications  of  what  he  conceived  to  be  the  more  simple 
forms.  Those  which  he  regarded  as  primitive  are  the  te- 
traedron,  the  cube,  the  rectangular-octaedron,  the  rhom- 
boidal  parallelopipedon,  the  rhomboidal  octaedron,  and 
the  dodecaedron  with  triangular  faces  These  forms 
were,  however,  altogether  arbitrary,  and  were  selected 
merely  from  their  supposed  simplicity.  Nor  were  the 
truncations  less  hypothetical,  by  which  their  transitions 
into  secondary  forms  were  explained.  Haiiy  has  deve- 
loped more  completely  the  structure  of  crystals,  by  detect- 
ing the  primitive  form  by  mechanical  analysis,  and  has 
thus  established  a real  instead  of  an  arbitrary  system  of 
crystallography.  Of  this  system  it  is  necessary  to  give  an 
outline,  as  important,  not  only  in  relation  to  the  theory  of 
crystallization,  but  from  its  application  to  mineralogy,  and 
the  discrimination  of  the  mineral  species. 

Gahn  observed,  that  in  breaking- a pyramidal  crystal 

• Crystallographic,  tom.  1.  p.  74. 
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carbonate  of  lime,  it  afforded  rhomboidal  fragments,  of 
which  it  appeared  to  be  entirely  formed.  Bergman  from 
this  conceived  the  idea,  that  in  every  crystal  there  exists  a 
primitive  form,  from  which  the  actual  forms  may  be  ge- 
nerated, by  the  superposition  of  decreasing  lamina? ; and 
that,  by  the  mechanical  division  of  crystals,  according  to 
those  joinings  which  yield  most  easily  to  a mechanical 
force,  this  form  may  be  detected,  and  the  laws  by  which 
It  gives  rise  to  the  different  crystals  determined  *.  This 
is  the  basis  of  the  system  of  Haiiy,  in  which  the  particular 
laws  of  decrements  are  demonstrated,  so  as  to  shew  how 
from  these  the  secondary  forms  may  be  derived,  and  how 
the  primitive  form  may  be  detected  either  by  calculation 
or  mechanical  division. 

The  fact  which  led  to  these  views  is,  that  crystals  can 
be  mechanically  divided  only  in  certain  divisions,  so  as  to 
afford  smooth  surfaces.  Thus,  in  a crj  stal  of  calcarcHxis 
spar,  a regular  hexaedral  prism,  as  represented  in  Plate  I. 
fig.  1.  and  2.  f,  if  we  endeavour  to  divide  it  parallel  to  the 
edges,  which  form  the  outlines  of  the  basis  of  the  prism, 
we  shall  find  that  three  of  these  edges,  taken  alternate- 
ly at  the  upper  extremity,  the  edges  If,  d c,  b m,  rea- 
dily yield  to  a knife  struck  in  the  proper  direction;  but 
that  the  other  three,  those  which  are  intermediate, /</, 
c by  and  m I,  cannot  be  divided  in  a similar  manner  ; and  if 
broken  by  a greater  force,  the  fracture,  instead  of  being 
polished,  is  rugged  and  uneven.  If  we  repeat  the  expe- 
,riment  at  the  under  extremity  of  the  prism,  we  shall  find 
here  also,  that  segments  of  three  only  of  the  edges  can  be 


* Physical  and  Chemical  Essays,  vol.  ii,  p.  1. 
t In  these  and  the  other  plates  representing  the  crystalline 
forms,  the  entire  lines  represent  the  edges  or  outlines  of  that  part 
of  the  solid  immediately  presented  to  view,  and  the  dotted  lines 
those  situated  in  the  opposite  part,  which  of  course  are  visible 
only  in  supposing  the  solid  diaphanous. 
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detached ; but  these,  instead  of  being  the  corresponding 
ones  with  those  divisible  at  the  upper  extremity,  that  is, 
If^  c </,  b /«,  are  the  intermediate  ones,y  r/,  c Z>,  and  vi  1. 

The  six  divisions  expose  so  many  trapeziums.  Three 
of  these  are  represented  in  fig.  1.,  namely,  the  two  which 
cut  off  the  edges  If,  c d,  represented  by  the  dotted  lines 
p j),  0 0,  and  a a,  k k,  and  that  which  cuts  off  the  inferior 
edges,  d,f  and  marked  by  the  dotted  lines  n n,  i i.  Each 
of  them  will  have  a smoothness,  from  which  it  can  be  per- 
ceived that  it  coincides  with  one  of  the  natural  joinings, 
the  assemblage  of  which  forms  the  prism  ; and  the  divi- 
sion cannot  be  effected  in  any  other  directions  than  these. 
But  it  the  division  be  continued  parallel  to  these  segments, 
it  necessarily  happens,  that,  on  the  one  hand,  the  surfaces 
of  the  ba§is  of  the  prism  become  narrower,  and,  on  the 
other,  the  heights  of  the  sides  diminish  ; and  at  the  point 
at  which,  continuing  the  sections,  the  bases  disappear, 
the  prism  will  be  changed  into  a dodecaedron  with  penta- 
gonal faces  (fig.  2.),  six  of  which,  o o i O e,  o I k i i,  &c. 
are  the  remains  of  the  sides  of  the  prism,  and  the  other 
six,  E A I o o,  O A,  K it,  &c.  are  the  results  of  the  me- 
chanical division 

_ Beyond  this  point,  the  planes  at  the  extremities  preserve 
their  figure  and  dimensions,  while  the  lateral  planes  con- 
tiniM)  to  diminish  in  height,  until  the  points  o,  k of  the 
pentagon  o Ik  i i coinciding  with  the  points  i,  i,  and  the 
other  points  similarly  situated,  having  a like  coincidence, 
each  pentagon  is  reduced  to  a simple  triangle,  as  is  repre- 
sented in  fi<£.  3. 

Lastly,  by  continuing  the  sections,  the  triangles  are  made 
to  disappear,  so  that  there  remains  no  vestige  of  the  sur- 
face of  the  original  prism  ; but,  iii  place  of  it,  we  have  the 


• In  this  and  the  two  succeeding  figures,  the  hexaedral  prism 
which  circumscribes  the  solid,  extracted  from  it  in  the  division, 
is  still  represented,  to  shew  better  the  progress  of  the  operation’. 
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obtuse  rhomboid  E A I O,  (fig.  4.),  which  is  therefore  the 
nucleus,  or  primitive  form  *. 

This  discovery  of  the  method  of  dividing  a crystal  w'as 
made  by  Hally,  in  examining  a crystal  of  calcareous  spar, 
which  had  been  detached  from  a group  of  which  it  formed 
a part.  Ele  observed,  that  the  fracture  had  happened  at 
one  of  the  edges  of  the  base  of  the  prism,  and  that  its  sur- 
face was  perfectly  smooth  and  regular.  Attempting  to 
detach  a segment  in  a similar  direction  from  the  conti- 
guous edge,  he  could  not  succeed,  but  the  one  next  to  it 
was  easily  divided  ; and  proceeding  in  this  manner,  he  was 
able  to  effect  the  mechanical  division  of  the  crystal  in  the 
manner  already  explained.  Struck  with  this  important  re- 
sult of  the  experiment,  he  applied  the  same  method  to 
other  crystalline  forms  of  the  same  substance,  and  obtain- 
cd  from  them  the  same  result;  the  crystal,  w'hatever  was 
its  figure,  being  by  this  mechanical  division  converted  into 
a rhomb.  Thus,  in  the  dodecaedron  of  calcareous  spar, 
composed  of  two  six-sided  pyramids,  joined  by  the  base,  the 
primitive  form  may  be  obtained  at  once,  by  making  a first 
section  on  the  edges  E O,  O I,  fig.  5. ; a second  on  the  edges 
I K,  G K ; a third  on  G H,  E H ; a fourth  on  O I,  I K ; 
a fifth  on  G K,  G H ; and  a sixth  on  E H,  E O ; and  the 
result  is,  that  these  edges  become  the  same  with  the  la- 
teral edges  of  the  primitive  form,  as  may  be  perceived 
from  mere  inspection  of  fig.  6.,  which  represents  this 
primitive  form  inscribed  in  the  dodecaedron.  From  other 
crystallized  substances  similar  results  are  obtained ; by 
discovering  the  joints  by  which  the  laminae  composing 
the  crystals  are  united,  the  primitive  form  may  be  extract- 
ed : from  fluorspar,  for  example,  an  octaedron  is  obtained; 
from  beryl,  an  hexaedral  prism ; and  even  from  those  that 
do  not  yield  to  this  mechanical  analysis,  Haiiy  has  re- 
marked, that  their  surface  striated  in  a certain  direction, 
or  the  relation  subsisting  among  the  secondary  forms,  af- 


* Traite  de  IMineralogie,  tom.  i,  p.  21. 


OF  AGGREGATION. 


47 


ford  indications  which  lead  to  the  determination,  with 
much  probability,  of  the  primitive  form. 

Such  is  the  process  by  which  HuUy  establishes  what  he 
names  the  Primitive  Form  of  Crystals.  The  forms  hither- 
to observed  are  reducible  to  six  : — the  parellelopipedon, 
which  includes  the  cube,  the  rhomb,  and  all  the  solids 
which  are  terminated  by  six  faces,  parallel  two  and  two ; 
the  tetraedron  ; the  octaedron  j the  regular  hexaedral  prism; 
the  dodecaedron,  with  equal  and  similar  rhomboidal planes, 
and  the  dodecaedron  with  triangular  planes.  The  form 
is  always  the  same  in  all  the  varieties  of  crystals  of  the 
same  substance. 

He  carries  the  division  of  crystals  farther,  how'ever, 
than  the  primitive  form.  The  solid  which  constitutes  it 
may  be  farther  subdivided,  parallel  to  its  different  faces, 
and  sometimes  in  other  directions.  The  enveloping  mat- 
ter is  equally  divisible,  by  sections  parallel  to  the  faces 
of  the  primitive  form  ; and  the  only  limit  to  this  possible 
division  is  that  placed  by  the  composition  of  the  substance. 
Thus  calcareous  spar  may  be  reduced  to  a particle,  be- 
yond which  the  division  cannot  be  carried,  without  resol- 
ving it  into  its  elements,  lime  and  carbonic  acid ; or,  at 
least,  it  may  be  reduced  to  a particle,  beyond  which,  if 
its  minuteness  allowed  us  to  operate  upon  it,  it  is  demon- 
strable its  figure  would  not  change.  To  these  particles, 
the  last  lesult  of  the  mechanical  analysis,  Haiiv  gives  the 
name  of  integrant  'particles,  and  their  union  constitutes 
the  crystal.  Their  forms,  so  far  as  expei  iment  has  been 
carried,  are  three  : the  tetraedron,  the  simplest  of  pyra- 
mids ; the  triangular  prism,  the  simplest  of  prisms  ; and 
the  parallelopipedon,  the  simplest  of  solids  which  have 
their  faces  parallel  two  and  two. 

1 he  primitive  forms  and  the  figures  of  the  integrant 
particles  being  determined,  it  remains  to  complete  the 
theory  of  the  structure  of  crystals,  to  shew  by  what  ar- 
rangements the  secondary  forms,  or  actually  existing  crys- 
tals, are  produced.  ^ 
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The  nucleus  of  the  crystal  is  the  symmetrical  solid  which 
constitutes  its  primitive  form,  arising  from  the  union  of 
the  integrant  particles  : the  additional  matter  forming  the 
crystal  consists  of  layers  of  these  particles,  superadded 
to  that  nucleus,  and  arranged  on  its  faces.  To  account 
for  the  formation  of  the  crystal  under  a figure  different 
from  that  of  its  primitive  form,  these  layers,  as  they  Vecede 
from  it,  are  supposed  to  decrease  in  the  space  they  occupy, 
from  the  regular  abstraction  of  one  or  niore  ranges  of  the 
integrant  particles  j and  this  taking  place  in  various  modes, 
different  figures  of  crystals  will  be  produced. 

To  take  the  simplest  example,  let  it  be  supposed  that 
the  primitive  form  is  a cube  ; on  each  of  its  sides  may  be 
reared  a series  of  decreasing  layers,  composed  of  cubical 
particles,  each  layer  diminishing  on  each  of  its  edges  by 
one  row  of  these  minute  cubes.  The  laminae  thus  de- 
creasing as  they  recede  from  the  base  on  which  they  rest, 
until  the  apex  consists  of  a single  particle,  a four-sided 
pyramid  will  be  formed  on  each  side  of  the  cube.  Two 
of  these  are  represented,  (fig.  7.),  A B C D,  E B C G. 

We  shall  thus  have  six  four-sided  pyramids,  and  of 
course  twenty-four  triangles,  such  as  A B C,  B C E, 
C E G,  &c.  But  since  the  decrease  is  uniform  on  all  the 
sides,  as  from  the  line  B C to  A,  and  from  the  same  line 
to  E,  it  must  also  be  uniform  from  A to  E;  the  side  ABC 
of  the  one  pyramid  will  therefore  be  found  in  the  same 
plane  as  the  side  B C E of  the  adjacent  pyramid  i so  that 
the  entire  surface  of  these  will  be  the  rhomb  A B E C. 
The  case  must  be  the  same  with  all  the  others  ; the  twen- 
ty-four triangles  will  therefore  be  reduced  to  twelve  rhombs, 
and  the  figure  will  be  a dodecaedron,  very  remote  from  the 
primitive  form.  And  although  the  representation  in  the 
figure  be  such  as  to  shew  the  decrease  of  the  laminae,  by 
rows  of  particles  of  such  a size  as  to  give  a surface  uneven, 
it  is  obvious,  that  if  we  substitute  for  this  the  delicate  struc- 
ture of  nature,  the  number  of  laminae  may  be  so  great, 
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and  the  minuteness  of  the  particles  such,  that  the  channels 
at  their  edges  will  be  imperceptible,  and  the  surfaces  will 
appear  perfect  planes; 

Such  is  an  example  of  the  production  of  a secondary 
from  a primitive  form,  by  superposition  of  decreasing  la- 
minae. The  laws  of  decrement  may  be  various.  Haiiy 
states  four  kinds:  First,  Decrements  on  the  edges,  or  paral- 
lel to  the  sides  of  the  primitive  form,  of  which  that  de- 
scribed above  is  an  example.  2d,  Decrements  on  the  an- 
gles, Uiat  is,  decrements  of  which  the  lines  are  parallel  to 
the  diagonals  of  the  faces  of  the  primitive  form.  3d,  In- 
termediate decrements,  or  those  which  are  parallel  to  Hnes 
situated  between  the  diagonals  and  edges  of  that  form. 
4th,  Mixed  decrements,  in  which  the  number  of  ranges, 
abstracted  in  breadth  or  in  height,  give  proportions,  the 
two  terms  of  which  are  beyond  unity.  These  are  farther 
liable  to  several  modifications,  according  as  the  decrements 
take  place  on  all  the  edges,  or  on  all  the  angles,  or  on 
certain  edges  or  certain  angles  only  5 or  as  they  are  uniform,  1 
by  one,  two,  three  ranges  or  more;  or  as  the  law  varies 
from  one  edge  to  another,  or  from  one  angle  to  another. 
And  sometimes  even  the  same  edge  or  the  same  angle  un- 
dergoes successively  several  laws  of  decrement ; Or  the  se- 
condary crystal  has  faces  parallel  to  those  of  the  primitive 
form,  which  give  rise  to  new  modifications,  from  their 
combinations  with  the  faces  resulting  from  the  decrements. 
With  such  diversity  of  laws,  the  number  of  forms  that 
may  exist  is  immense,  and  far  exceeds  what  has  been  ob- 
served. Confining  the  calculation  to  two  of  the  simplest 
laws,  those  which  produce  subtractions  by  one  or  two 
ranges,  it  is  shewn,  that  carbonate  of  lime  is  susceptible  of 
2044  different  forms, — a number  fifty  times  greater  than 
that  of  the  forms  already  known ; and  if  decrements  by 
three  and  four  ranges  be  admitted  into  the  combination, 
the  calculation  will  give  8,388,604  possible  forms  of  the 
same  substance.  And  even  this  number  may  be  auerment- 
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ed,  in  consequence  either  of  intermediate  or  mixed  decre- 
ments being  taken  into  account. 

To  give  a full  view  of  the  applications  of  these  laws 
would  require  a statement  inconsistent  with  the  nature  of 
this  work.  I refer  therefore,  for  the  details,  to  Haiiy, 
Traitedc  Mineralogies  tom.  i,  ii.  An  ample  abstract  of  the 
theory  is  given  by  the  author  in  the  Annales  de  Chimie, 
t.  xvii.,  of  which  there  is  a translation  in  the  first  volume  of 
the  Philosophical  Magazine ; it  is  also  explained  in  an 
excellent  statement  of  it  by  Abbe  Buee  in  Nicholson’s 
Journal,  vol.  ix. 

Mr  Daniell  has  stated  the  important  result,  that  the 
development  of  the  mechanical  structure  of  crystals  may 
be  sometimes  effected  by  solution  *.  If  a crystalline  mass  of 
a salt  soluble  in  water  be  immersed  in  that  fluid,  or  in  a 
weak  solution  of  the  salt  in  water,  its  surface  is  soon  acted 
on;  but  it  is  so  unequally.  “ Strim  or  ridges  maybe  detected 
in  various  places,  and  indeed  generally  cover  the  whole  of 
its  superficies,  which  prove  not  only  that  the  mechanical  at- 
traction of  the  solid  has  resisted  chemical  action,  but  that 
it  has  resisted  it  more  in  some  directions  than  in  others.” 
And  the  rudiments  of  geometrical  form  may  thus  at  length 
be  observed.  In  a mass  of  alum,  for  example,  subjected 
to  this  operation,  the  lower  end  of  the  mass  presents  the 
form  of  octohedrons,  and  sections  of  octohedrons  stamped 
upon  its  surface.  Borax  produced  crystalline  forms  not 
less  distinct;  sections  of  eight-sided  prisms,  with  various 
terminations,  being  embossed  on  the  mass,  which  in  some 
directions  were  subdivided  by  lines  parallel  to  the  terminal 
faces  into  rhomboidal  figures.  Mr  Daniell  farther  found, 
that  substances  not  soluble  in  w’ater  might  be  made  to  af- 
ford similar  results,  from  the  action  of  other  solvents,  suffi- 
ciently moderated  : calcareous  spar,  for  example,  from 
the  action  of  vinegar,  was,  after  a few  days,  marked  witli 


^ Journal  of  the  Royal  Institution,  vol.  i,  p.  24. 
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lines  on  the  surface,  which  by  their  mutual  intersection 
presented  the  primitive  rhomb  of  carbonate  of  lime:  car- 
bonate of  barytes,  and  carbonate  of  strontites,  by  the  action 
of  the  same  solvent,  were  dissolved  into  hexaedral  prisms  : 
quartz  was  similarly  affected  by  diluted  fluoric  acid  : a 
mass  of  bismuth,  subjected  to  the  action  of  diluted  nitric 
acid,  exhibited  on  its  surface,  at  the  end  of  a few  days, 
small  cubic  figures  ; antimony  presented  a series  of  rhom- 
boidal  plates;  and  nickel,  at  the  end  of  a fortnight,  waS 
covered  with  perfectly  defined  regular  tetrahedrons.  Thus, 
by  this  method,  if  it  is  fully  established,  the  arrangements 
constituting  crystalline  structure  are  evidently  developed  ; 
it  must  be  regarded  as  an  important  aid  to  mechanical 
analysis,  and  may  be  employed  where  the  other  is  imprac- 
ticable, or  gives  only  imperfect  results. 

A more  simple  method  of  describing  crystals  than  that 
of  Haiiy  has  been  given  by  Werner,  and  applied  by  him 
to  mineralogical  description.  This,  as  being  more  con- 
formable to  common  use,  is  adopted  in  the  following  work, 
and  it  remains  to  explain  the  terms  and  definitions  con- 
nected with  it. 

The  parts  of  which  a crystal  is  conceived  to  be  compos- 
ed, are  planes,  edges,  and  angles.  Planes,  according  to 
the  usual  geometrical  definition,  are  surfaces  lying  evenly 
between  their  bounding  lines  ; they  are  distinguished  into 
lateral,  which  are  those  parts  of  the  surface  of  the  body 
which  are  of  greatest  extent,  and  which  form  its  confines 
towards  its  smallest  extent;  and  extreme  or  terminal,  whicli 
are  those  of  smallest  extent,  and  form  the  bounds  of  the  body 
towards  its  largest  extent.  Edges  are  formed  by  the  junc- 
tion of  two  planes  under  determinate  angles ; they  also 
are  lateral,  or  those  formed  by  the  junction  of  two  lateral 
planes;  and  terminal,  formed  by  the  junction  of  two 
terminal  planes,  or  of  a terminal  with  a lateral  plane. 
Lastly,  angles  are  formed  by  the  junction  of  three  or  more 
planes  in  one  point. 
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Werner  admits  seven  primary  figures  of  crystals,  with 
their  modifications.  These  are,  the  icosaedron,  the  do- 
decaedron,  the  hexaedron  which  includes  the  cube  and  the 
rhomb,  the  prism,  the  pyramid,  the  table,  and  the  lens. 

1st,  The  icosaedron,  Plate  I.  fig.  8.,  a solid,  consisting 
of  twenty  equilateral  triangular  planes,  united  under  equal 
angles : 2d,  The  dodecaedron,  fig.  9.,  or  solid,  of  twelve 
equal  and  regular  pentagonal  planes  : 3d,  The  hexaedron 
or  solid  of  six  quadrilateral  planes,  including  the  cube, 
fig.  10.,  or  solid,  composed  of  such  planes,  united  at  right 
angles  : and  the  rhomb,  fig.  11.,  in  which  they  are  united 
at  oblique  angles  : 4th,  The  prism,  or  solid  of  two  termi- 
nal planes  parallel,  equal  and  similar,  connected  by  qua- 
drangular lateral  planes,  having  one  direction  ; the  number 
of  lateral  planes  may  of  course  be  various  ; the  usual  forms 
observed  in  crystals  are  the  six-sided  prism,  fig.  12.,  the 
four-sided  rectangular  prism,  fig.  13,  Plate  II.,  and  the 
four-sided  rhomboidal  or  oblique  angular  prism,  fig.  14.  : 
5th,  The  pyramid,  a solid,  the  base  of  which  is  a plane  of 
an  indeterminate  number  of  sides,  and  the  sides  triangles, 
the  vertices  of  which  meet  in  a point;  the  more  common 
varieties  of  this  figure  are  the  three-sided  pyramid,  or 
tetraedron,  fig.  15.,  and  the  four-sided  pyramid,  fig.  16.  : 
6th,  The  table,  which,  strictly  speaking,  is  a compressed 
prism  ; it  is  composed  of  two  broad  parallel  lateral  planes, 
and  of  an  indeterminate  number  of  terminal  planes,  con- 
nected with  the  lateral  planes  and  with  each  other,  and 
small  compared  w ith  the  lateral  ones  ; the  principal  varie- 
ties arc  therectangularfour-sided  table,  fig.  17.,  the  oblique- 
angular  or  rhomboidal  four-sided  table,  fig.  1 8.,  and  the 
six-sided  table,  fig.  19.:  Lastly,  The  lens,  fig.  20.  a solid, 
consisting  of  two  planes,  which  are  curved  ; of  which 
there  are  two  varieties,  one  composed  of  tw'o  convex  planes, 
another  of  a convex  and  a concave  plane.  . 

These  primary  forms  are  modified  by  combination,  by 
truncation,  by  bevelment,  and  by  acumination. 
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The  modifications  by  combination  are  confined  to  the 
pyramid,  two  pyramids  being  joined  by  the  base;  the  la- 
teral planes  of  the  one  are  either  set  directly  on  the  lateral 
planes  of  the  other,  as  in  the  double  four-sided  pyramid^ 
or  octaedron,  fig.  21. ; or  obliquely,  as  in  the  double  four- 
sided pyramid,  fig,  22.  Fig.  23.  is  the  double  six-sided 
pyramid. 

A crystal  is  said  to  be  truncated,  when  any  or  all  of  its 
solid  angles  or  edges  appear  cut  off,  so  that  where  there 
would  have  been  an  edge  or  angle,  there  is  a plane.  Fig. 
24.  shews  the  cube  with  the  angles  truncated ; Fig.  25. 
the  cube  with  the  edges  truncated : Fig.  26.  the  six-sided 
prism,  with  the  terminal  edges  truncated. 

A crystal  is  said  to  be  bevelled,  when  its  edges,  angles, 
or  terminal  planes  are  so  altered,  that  instead  of  an  angle, 
edge,  or  terminal  plane,  there  appear  two  smaller  conver- 
ging planes,  which  terminate  in  an  edge.  Fig.  27.  shews 
the  four-sided  prism,  bevelled  on  both  extremities  : Fig.  28. 
the  cube  with  bevelled  edges. 

Lastly,  The  forms  of  crystals  are  altered  by  acumina- 
tion.  This  is  that  kind  of  alteration,  in  which,  in  place 
of  the  angles,  or  terminal  planes  of  a crystal,  there  are 
three  or  more  planes  converging,  and  forming  a point  or 
edge : Fig.  29.  shews  the  cube,  with  the  angles^  acumi- 
nated by  three  planes,  set  on  the  lateral  planes : Fig.  30. 
the  six-sided  prism,  acuminated  by  six  planes,  set  on  the 
lateral  planes. 

The  forms  of  crystals  from  the  preceding  modifications 
are  frequently  altered,  and  rendered  complicated,  by  be- 
ing superadded  or  combined ; and  by  the  extent  of  the 
modifications,  one  form  may  pass  into  the  other.  They 
are  likewise  rendered  complicated  by  aggregation,  two  or 
more  crystals  of  the  same  substance  being  more  or  less 
closely  united,  from  wLich  aggregation  arise  various  ex- 
ternal forms. 
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OF  CHEMICAL  ATTRACTION  OR  AFFINITY. 

We  are  indebted  to  Newton  for  the  first  just  views  of 
the  nature  and  extensive  agency  of  this  power.  Besides 
those  attractions  which  extend  to  sensible  distances,  “ there 
niay  be  others,”  he  remarked,  “ which  reach  to  so  small 
distances,  as  hitherto  escape  observation.”  In  conformity 
to  this  observation,  he  reviewed,  in  the  31st  Query,  at  the 
end  of  his  Treatise  on  Optics,  and  in  some  other  disserta- 
tions *,  a number  of  chemical  phenomena,  and  considered 
them  as  arising  from  an  attraction  of  this  kind.  When 
one  body  combines  with  another,  he  supposed  this  to  arise 
from  an  attraction  exerted  from  the  particles  of  the  one  to 
those  of  the  other ; when  they  refuse  to  unite,  it  is  because 
no  such  attraction  exists  j those  which  act  with  most  en- 
ergy are  those,  as  he  supposed,  possessed  of  the  strongest 
attraction  i and  when  a compound  is  decomposed  by  the 
agency  of  another  body,  this  he  regarded  as  owing  to  an 
attraction  exerted  by  that  body  to  one  of  the  principles 
of  the  compound,  superior  in  force  to  the  attraction  which 
existed  between  them. 

Geoffroy  the  elder  conceived  the  idea  of  ascertaining 
the  relative  forces  of  affinity  among  different  substances, 
by  observing  the  ordei'  of  the  decompositions  they  pro- 
duce, and  gave  the  results  of  his  observations  in  the  form 


* Letter  to  Mr  Boyle  on  the  Cause  of  Gravitation,  and  Obser- 
vations on  the  Nature  of  Acids. 
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of  tables.  Pursuing  the  path  which  he  had  pointed  out, 
succeeding  chemists  were  occupied  in  observing  these  for- 
ces, as  exerted  by  the  principal  chemical  agents.  The 
observations  which  had  thus  accumulated,  were  ably  re- 
viewed and  corrected  by  Bergman.  And  Kir  wan  and 
Richter  added  some  observations  on  the  more  obscure 
parts  of  the  theory  of  chemical  attraction.  Bergman’s 
views  were  received  with-  little  subsequent  modification, 
and  nearly  the  whole  system  of  modern  chemistry  rested 
upon  them.  The  researches  of  Berthollet,  again,  exhibited 
the  subject  under  some  new  aspects.  Other  views  equal- 
ly novel  and  important  have  since  been  presented  by  Dal- 
ton, Wollaston*  and  Gay-Lussac,  and  form  at  present  an 
interesting  subject  of  discussion.  The  laws  of  chemical  at- 
traction cannot  yet  be  considered  as  established  with  suffi- 
cient precision  ; but  I have  endeavoured  to  place  the  whole 
subject  under  a few  general  divisions.  In  the  first,  I have 
premised  some  necessary  definitions  relative  to  attraction 
and  its  results.  Under  the  second,  I have  taken  a general 
view  of  the  phenomena  to  which  it  gives  rise.  In  the  third 
is  considered  the  operation  of  those  circumstances  by  which 
its  exertion  is  influenced,  and  its  effects  are  modified.  The 
fourth  is  devoted  to  the  consideration  of  the  limits  which 
affinity  6bserves.  And  under  the  fifth  are  placed  the  de- 
tails which  relate  to  the  forces  with  which  it  is  exerted. 
Under  these  divisions^  all  the  facts  and  doctrines  relating 
to  chemical  affinity  may  be  systematically  arranged. 


56 


OF  CHEMICAL  ATTIIACTION 


Sect.  I. — Dejlnitions  relative  to  Chemical  Attraction^  and 

its  Results. 


Chemical  attraction  may  be  defined,  that  force  exert- 
ed between  the  particles  of  different  bodies  by  which  they 
are  combined  together.  It  is  distinguished  from  Gravi- 
tation by  not  operating  on  masses  of  matter,  nor  at  sensi- 
ble distances,  but  being  confined  in  its  action  to  the  mi- 
nute particles  of  matter  at  distances  altogether  insensible. 
From  cohesion  it  is  distinguished  by  being  exerted  be- 
tween particles  not  of  the  same  nature,  but  of  different 
kinds,  and  by  forming  therefore,  from  the  union  of  these 
particles,  not  a mere  aggregate,  but  a substance  in  which 
the  properties  of  the  bodies  combined  are  more  or  less 
changed.  The  term  Affinity  has  been  introduced  to  de- 
note this  power,  from  an  hypothesis  once  maintained,  that 
ome  relation  of  resemblance  exists  between  those  bodies 
most  disposed  to  unite.  For  this  hypothesis  there  is  no 
foundation,  but  the  term  is  convenient,  as  opposed  to  that  of 
Gravitation,  and  as  synonymous  with  chemical  attraction. 

This  force  appears  to  be  elective  ; that  is,  it  is  not  exert- 
ed indifferently  by  any  body  towards  every  other.  Be- 
tween many  substances  no  mutual  chemical  attraction  is 
apparent,  or  their  particles  cannot  be  brought  into  inti- 
mate union.  It  is  uncertain,  however,  whether  this  is 
owing  to  their  not  having  a mutual  attraction,  or  whether 
it  may  not  be  ascribed  to  the  predominance  of  circum- 
stances by  which  attraction  is  counteracted.  By  each 
body,  too,  it  is  exerted  towards  a series  of  others,  with  dif- 
ferent degrees  of  force ; and  with  regard  to  this  also,  there 
is  reason  to  believe,  that  much  of  the  difference  is  owing, 
not  to  real  differences  in  the  intensities  of  affinity,  but  to 
the  operation  of  modifying  circumstances. 

The  result  of  the  exertion  of  chemical  attraction  be- 


OR  AFFINITY. 


57 


tween  two  or  more  bodies,  is  their  intimate  union,  or  as- 
similation into  one  substance,  in  which  neither  of  them 
can  be  recomhsed,  nor  can  they  be  separated  from  each 
other  by  any  mechanical  force.  This  operation  is  termed 
Combination.  If  we  pour  a quantity  of  water  on  common 
salt,  the  particles  of  the  salt,  though  heavier  than  the  wa- 
ter, will  be  attracted  by  it,  and  diffused  through  it,  nor 
can  they  be  again  separated  but  by  chemical  agency.  If 
we  mix  together  a little  lime  and  sulphur,  and  expose  them 
to  heat,  a substance  will  be  formed  in  which  the  two  ingre- 
dients are  intimately  united,  and  the  properties  of  which 
are  totally  dissimilar  to  those  either  of  the  sulphur  or  the 
lime.  In  both  these  examples,  an^affinity  has  been  exert- 
ed between  the  substances  concerned,  and  they  have  com- 
hined  together.  So  intimately  are  the  particles  of  the 
bodies  which  have  been  combined  blended,  that  if  the 
smallest  portion  of  the  substance  they  have  formed  be  ex- 
amined, it  will  be  found  to  consist  of  the  same  principles 
united  in  the  same  proportions  as  the  general  mass ; and 
by  this  union,  the  properties  of  both  are  altered,  and 
new  properties  acquired. 

Combination  is  to  be  distinguished  from  Mixture  , in 
which  dissimilar  particles  are  intermingled,  more  or  less 

intimately,  but  without  being  united  by  any  attraction, 

in  which,  therefore,  no  new  qualities  are  acquired, in 

which  the  difference  of  parts  is  easily  discovered,  and  these 
parts  are  capable  of  being  separated  by  mechanical  means. 
It  is  also  to  be  distinguished  from  Aggregation^  which. is 
the  union  of  particles  of  the  same  kind  of  matter,  forming 
an  aggregate,  uniform  in  composition,  but  possessing  all 
the  properties  of  the  particles  of  which  it  is  composed. 

The  substance  resulting  from  chemical  combination  is 
denominated  a Compound.  It  of  course  consists  of  two 
or  more  ingredients.  These  are  named  its  Component 
or  Constituent  Parts.  When  these  are  separated  from 
their  union,  the  process  is  named,  in  chemical  language, 
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Decomposition.  Thus,  chalk  when  exposed  to  heat  is  re- 
solved into  a peculiar  elastic  fluid,  and  into  lime ; and 
these  are  the  ingredients  of  which  it  had  been  com- 
posed. When  decomposition  is  effected  with  the  view 
of  discovering  the  constituent  principles  of  a compound, 
it  is  named  Analysis.  This  may  be  of  two  kinds, 
either  as  effected  by  the  application  of  heat,  or  by  the  in- 
tervention of  a superior  affinity.  When  exposed  to  a 
sufficient  degree  of  heat,  the  attraction  existing  between 
the  principles  of  a compound  may  be  so  far  weakened 
that  they  separate  j and  one  of  them,  being  in  general 
more  volatile  than  the  other,  is  expelled.  Or,  in  other 
cases,  a compound  may  not  be  decomposed  by  the  most 
intense  heat : but  if  it  be  mixed  with  some  other  chemical 
agent,  and  placed  under  circumstances  favourable  to  the 
exertion  of  chemical  attraction,  the  substance  mixed  with 
it  may  combine  with  one  of  its  component  parts,  and  the 
other  may  be  obtained  in  an  insulated  form.  These  are 
examples  of  Simple  or  True  Analysis.  Complicated  or 
False  Analysis  as  it  has  been  named,  is  that  where  the 
composition  of  the  compound  is  subverted,  and  its  indi- 
vidual existence  destroyed,  but  where,  from  the  combina- 
tion of  its  jirinciples  in  new  modes  and  proportions,  it  is 
imjiossible  to  reproduce  it  by  the  union  of  the  products  of 
the  analysis. 

Synthesis  is  the  reverse  of  analysis.  It  is  the  repro- 
duction of  the  substance,  by  the  combination  of  the  prin- 
ciples which  the  analysis  discovers  to  be  its  constituent 
parts ; and,  when  it  can  be  effected,  is  l egarded  as  the 
surest  proof  of  the  accuracy  of  the  analysis.  Thus,  by 
combining  lime  and  the  peculiar  elastic  substance,  notic- 
ed in  the  preceding  illustration,  a substance  essentially 
the  same  as  chalk  is  produced.  Wlien  these  operations 
of  analysis  and  synthesis  are  combined  in  the  investigation 
of  the  chemical  constitution  of  any  body,  in  other  words, 
when  we  have  resolved  it  into  certain  constituent  prin- 
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ciples,  and  when,  by  combining  these,  we  again  form  it, 
we  obtain  all  the  evidence  which  the  science  of  chemistry 
cati  afford. 

From  the  preceding  definitions,  it  is  obvious,  that  all 
the  varieties  of  matter  must,  in  a chemical  point  of  view, 
fall  to  be  considered  as  simple,  or  as  compound.  Either 
they  must  be  resolvable  into  two  or  more  different  sub- 
stances, from  the  union  of  which  they  have  been  formed, 
and  in  this  case  their  composition  is  obvious,  and  they 
rank  as  compounds ; or  they  must  be  incapable  of  such 
an  analysis,  and  they  are  then  regarded  as  simple  or  ele- 
mentary. The  great  object  of  chemistry  is  to  investigate 
the  constitution  of  bodies — to  determine  what  substances 
are  simple,  Avhat  compound ; to  trace  the  combinations 
into  which  the  former  are  capable  of  entering ; to  decom- 
pose the  latter,  or  discover  of  what  constituent  parts  they 
are  formed.  And  in  chemical  theory.  Elements  are  not 
regarded  as  substances  essentially  simple,  but  merely  as 
bodies  which  have  not  been  decomposed. 

Combination  may  take  place  between  two  or  more  sim- 
ple bodies,  but  it  may  equally  take  place  between  com- 
pounds, the  particles  of  the  compounds  as  such  exerting 
a mutual  attraction.  In  such  a case  the  compound  formed 
may,  under  one  point  of  view,  be  considered  as  composed 
immediately  of  the  two  compounds  from  the  combination 
of  which  it  has  been  formed,  or  it  may  be  considered  as 
composed  ultimately  of  the  simple  substances  or  elements 
of  which  these  consist.  To  facilitate  the  consideration 
of  this,  the  distinction  has  been  introduced  of  the  inte- 
grant and  constituent  particles  of  bodies.  The  constituent 
or  component  parts  or  particles  are  substances  differing 
in  their  nature  from  each  other,  and  from  the  substance 
they  form.  The  integrant  parts  are  precisely  similar  to 
each  other,  and  to  the  general  mass  which  is  composed 
by  their  union ; or  they  are  merely  the  smallest  particles 
into  which  a substance  can  be  resolved  without  decompo- 
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sition  ; while  decomposition  is  always  implied  in  the  di- 
vision of  a body  into  its  constituent  particles.  The  inte- 
grant parts  are  united  by  tlie  force  of  aggregation,  the 
constituent  })arts  by  chemical  affinity.  It  is  evident  that 
simple  bodies  consist  entirely  of  integrant  parts,  all  their 
particles  being  alike.  Compounds,  again,  may  be  con- 
sideied  as  consisting  both  of  integrant  parts,  and  of  com- 
ponent parts  or  dissimilar  particles*.  It  has  been  suppos- 
ed, that  wlien  an  attraction  is  exerted  between  two  com- 
I)ound  substances,  it  is  between  their  integrant  parts,  not 
their  constituent  principles,  and  that  it  is  the  combination 
of  the  former  which  constitutes  the  substance  formed  by 
their  union.  Berthollet  has  advanced  the  supposition,  that 
an  attraction  exerted  betw'een  two  compounds  is  exert- 
ed from  their  constituent  principles  or  elements,  and  is 
merely  the  sum  of  their  attractions,  modified  by  the  state 
in  which  they  exist  in  the  combination  ; an  opinion,  the 
probability  of  which  we  shall  afterwards  have  to  examine. 


Sect.  II. — Of  the  Gcnej-al  Phenomena  arise  from 
the  exertion  of  Chemical  Attraction. 

The  exeition  of  an  attraction  between  the  particles  of 
two  bodies,  is  followed  by  their  intimate  union  or  combi- 
nation ; and  the  most  common  and  important  result  of 
such  a combination  is  a change  in  the  properties  of  the 
bodies  combined. 


• When  the  term  particle  is  used  alone  in  chemical  language, 
it  is  generally  in  the  sense  of  integrant  particle  ; and  it  ought 
perhaps  to  be  restricted  to  this,  to  avoid  the  ambiguity  arising 
from  its  use  in  any  other  sense. 
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This  change  is  in  many  cases  striking  and  complete,  the 
properties  of  the  substance  formed  by  the  combination 
beinir  altogether  different  from  those  of  the  substances  from 
which  it  has  originated.  The  taste,  smell,  colour,  form, 
density,  and  other  physical  qualities,  and  the  chemical 
properties  of  fusibility,  volatility,  solubility,  tendency  to 
combination,  and  order  of  attraction  in  the  compound, 
bear  no  resemblance  to  the  same  properties  in  its  con- 
stituent parts.  We  cannot,  thei'efore,  from  our  know- 
ledge of  the  properties  of  a body,  infer  with  certainty 
what  will  be  the  properties  of  the  compound  formed  by  its 
union  with  another. 

From  this  change  being  so  general,  it  has  been  establish- 
ed as  a law  of  chemical  attraction,  that  te/im  chemical 
combination  has  taken  place  y the  compound  formed  docs  not 
possess  properties  merely  intermediate  hetxceen  those  of  its 
component  parts,  but  has  acquired  others  more  or  less  nexo. 

This  result  of  chemical  attraction  is  otvast  importance, 
since  it  is  from  it  that  the  properties  of  the  greater  num- 
ber of  material  bodies  are  derived.  Almost  all  the  pro- 
ductions of  nature  are  compounds  formed  from  the  union 
of  a few  simple  substances ; and  the  numerous  properties 
they  possess,  adapting  them  to  so  many  purposes  of  utility, 
are  derived  from  this  source.  They  retain  not  the  pro- 
perties of  their  simple  elements,  for  these  must  be  com- 
paratively few,  but  derive  new  properties  from  the  ar- 
rangements into  which  their  principles  arc  brought  when 
they  are  combined  together. 

The  properties  of  bodies  are  not  only  changed  by  com- 
bination, but  the  kind  and  degree  of  change  are  influenced 
by  circumstances  connected  with  the  combination,  parti- 
cularly by  the  relative  quantities  or  proportions  in  which 
they  are  combined.  Hence  the  same  substances  may,  by 
combination  in  different  proportions,  form  compounds, 
which  are  totally  different  from  each  other  in  qualities. 
The  modes  of  combination,  where  three  or  more  substan- 


G2 


OF  CHEMICAL  ATTllACTION 


ces  are  combined,  have  a not  less  important  influence. 
This  it  is  difticult  to  illustrate  with  precision  j but  it  is 
easy  to  conceive  with  regard  to  three  substances,  for  ex- 
ample, that  they  may  all  exist  in  simultaneous  combina- 
tion, their  affinities  being  mutually  balanced ; or  two  of 
them  may  be  in  immediate  combination,  and  the  compound 
they  form  may  combine  with  the  third.  Or  with  regard 
to  four  substances,  the  modes  of  combination  may  be  still 
more  diversified,  as  cither  the  whole  may  exist  in  mutual 
combination,  or  each  of  the  elements  may  be  combined 
with  any  of  the  others,  and  the  compound  thus  formed 
may  be  fiirther  combined  with  the  compound  formed  by 
the  union  of  the  others.  Hence,  by  merely  changing  the  , 
mode  of  combination,  without  any  change  either  in  the 
elements  themselves,  or  in  their  proportions,  products  to- 
tally different  may  be  formed. 

Of  the  changes  of  properties  from  chemical  combina- 
tion, none  is  more  common  than  change  of  form,  or  of 
the  state  in  which  bodies  exist.  If  two  airs  are  combined 
together,  the  result  is  often  a substance  in  the  fluid  or  so- 
lid state.  Two  fluids  united  may  form  a solid  ; and  when 
a solid  is  combined  with  a fluid,  the  compound  more  fre- 
quently exists  in  the  fluid  than  in  the  solid  form. 

This  last  case  is  so  general,  that  a particular  term  has 
‘ been  applied  to  it  in  chemical  language.  Combination  is 
the  general  term  expressive  of  the  union  of  substances 
from  the  exertion  of  mutual  attraction ; while  the  particu- 
lar operation  in  which  a solid  is  combined  with  a liquid, 
so  that  the  liquid  form  is  retained  by  the  compound,  is 
denominated  Solution.  It  has  been  conceived,  that  in 
this  case  the  liquid  is  the  active  principle  ; it  is  said  to 
dissolve  the  solid ; or  the  solid  is  spoken  of  as  dissolved  by 
it.  The  attraction,  how'ever,  whence  the  combination 
proceeds,  is  reciprocal ; and  perhaps  there  is  no  propriety 
in  the  distinction  of  this  from  other  cases  of  chemical 
union.  It  is  generally  applied  to  those  combinations 
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where  there  are  no  important  changes  of  properties  ; and 
some  have  extended  it  so  far  as  to  apply  it  to  all  cases  of 
chemical  union,  whether  between  solids,  liquids,  or  airs, 
where  the  attraction  has  not  been  so  energetic  as  to  alter 
materially  the  properties  of  the  substances  united,  but 
merely  sufficient  to  overcome  cohesion,  elasticity,  or  any 
opposing  force,  and  retain  them  united  without  any  inti- 
mate approximation  of  their  parts. 

In  solution,  the  affinity  of  the  solvent  is  often  so  weak 
as  not  to  give  rise  to  any  important  alteration  in  the  che- 
mical relations  of  the  body  dissolved ; it  is  therefore  ne- 
glected, and  considered  merely  as  communicating  to  it 
that  fluidity  which  favours  the  exertion  of  its  attractions 
to  other  bodies.  It  is  frequently,  however,  sufficiently 
powerful  to  modify  these  attractions  to  a certain  extent. 

Though  the  change  of  properties  from  chemical  action 
is  often  striking  and  important,  it  is  not  invariably  so. 
In  many  cases  the  properties  of  one  or  both  of  the  sub- 
stances united  can  be  recognised  in  the  compound.  In 
all  the  combinations,  for  example,  of  metals,  with  each 
other,  the  compound  retains  the  general  metallic  proper-' 
ties.  And  in  the  solutions  of  salts,  and  of  many  vegeta- 
ble and  animal  products,  in  water  or  in  spirit,  the  pro- 
perties of  the  substances  dissolved,  with  the  exception  of 
the  form,  are  scarcely  altered.  Yet  these  are  real  che- 
mical combinations ; the  substances  are  intimately  blend- 
ed, notwithstanding  the  difference  of  their  specific  gravi- 
ties ; and  their  union  is  permanent,  or  they  cannot  be 
disunited  but  by  the  operation  of  heat,  or  the  exertion  of 
superior  affinities. 

From  the  consideration  of  this  class  of  facts,  the  older 
chemists  advanced  the  opinion,  that  the  properties  of  com- 
pounds are  intermediate  between  those  of  their  consti- 
tuent  parts,  or  are  at  least  derived  from  their  elements. 
From  this  Newton  deduced  his  singularly  acute  conjecture, 
that  water  contains  an  inflammable  ingredient,  founded 
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on  Its  great  refractive  power.  Stahl  maintained  the  same 
opinion.  As  in  the  progress  of  chemical  observation, 
liowevei,  many  cases  occurred  in  opposition  to  this  prin- 
ciple,  it  was  gradually  relinquished ; and  the  general  fact 
merely  stated,  that  in  many  cases  of  combination  the  pro- 
pel ties  of  the  bodies  combining  are  not  much  changed, 
while  in  others  the  change  is  striking  and  complete, 
without  this  difference  being  referred  to  any  principle. 
Bei  thollet  has  connected  these  facts,  assigned  causes  for  the 
peculiai ities  that  arc  observed,  and  thus  given  a general 
theory  ot  the  change  of  properties  from  combination  *. 

Ihe  principle  he  assumes  is,  that  the  properties  of  com- 
pounds are  derived  from  their  elements,  and  would  there- 
fore be  always  apparent,  but  that  they  are  often  modified 
by  circumstances  attending  the  combination,  so  as  to  be 
materially  changed. 

One  important  modifying  cause  is  the  diminution  which 
saturation  produces  in  the  strength  of  the  affinities  of 
bodies.  One  body  combined  with  another  counteracts,  by 
the  attraction  it  exerts  to  it,  the  attraction  it  might  exert 
to  a third.  Hence  the  chemical  action  of  a compound 
must  be  less  energetic  than  that  of  its  elements  ; and  in  the 
successive  combination  ol  compounds,  the  ultimate  pro- 
duct is  usually  a substance  which  exerts  very  feeble  af^ 
finities.  On  the  same  principle  it  may  be  inferred,  that 
the  elements  of  bodies  must  be  substances  which  exert 
very  powerful  attractions.  The  general  fact  is  well  ex- 
emplified in  the  neutral  salts,  which  have  much  less  activi- 
ty as  chemical  agents,  and  less  tendency  to  combination, 
than  either  the  acids  or  bases  of  which  they  consist. 

Another  circumstance,  however,  modifying  this,  is  the 
condensation  which  attends  combination,  and  which  some- 
times weakens  the  action  ot  substances ; in  other  cases 
*adds  to  its  force.  The  chemical  action,  for  example,  of 
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substances  existing  in  the  aeriform  state,  is  counteracted 
by  their  elasticity.  Hence,  if  an  elastic  ingredient  enter 
into  a combination  in  which  it  exists  in  the  liquid  state, 
the  action  it  exerts  may  be  more  increased  by  this  con- 
densation, than  weakened  by  the  affinity  which  is  exerted 
to  it  by  the  substance  with  which  it  is  combined  in  the 
compound.  Of  this  we  have  an  example  in  the  acids  ; as 
in  the  nitric  acid,  where  the  chemical  action,  arising  from 
the  affinities  exerted  by  the  oxygen  existing  in  it,  is  in 
many  cases  more  energetic  than  that  of  oxygen  in  its  aerial 
form.  On  the  other  hand,  where  condensation  from  che- 
mical action  is  carried  so  far,  that  the  elements  in  com- 
bining pass  to  a solid  state,  the  cohesion  acquired  will 
concur  with  the  diminution  of  their  attractive  forces  from 
saturation,  in  limiting  the  affinities  they  exert,  or  in  coun- 
teracting the  affinities  which  may  be  exerted  by  others  to- 
wards them  ; and  such  a compound  will  be  less  suscepti- 
ble of  chemical  action  than  its  constituent  parts. 

The  same  condensation  may  modify  other  chemical 
properties,  as,  for  example,  the  relation  of  the  body  to  heat: 
it  may  also  change  its  mechanical  constitution;  and  to  the 
new  arrangement  of  particles  which  an  energetic  combina- 
tion occasions,  may  be  ascribed  the  changes  in  colour, 
transparency,  and  other  physical  properties,  which  often 
attend  chemical  union. 

Lastly,  where  opposing  or  incompatible  properties  exist 
in  substances,  these  must  be  mutually  weakened  or  de- 
stroyed, as  in  the  example  of  the  characteristic  property 
of  acids  of  reddening  vegetable  colours,  and  the  equally 
characteristic  one  in  alkalies  of  changing  these  colours  to 
a green.  One  of  these  cannot  be  predominant  in  the  com- 
pound, but  from  the  other  being  impaired  ; and  an  equa- 
lity  of  force  will  give  rise  to  a state  in  which  this  as  well 
as  other  similar  characteristic  properties  of  both  substan- 
ces must  be  lost.  This  is  well  illustrated  in  the  combina- 
tions of  acids  with  alkaline  bases,  and  the  formation  either 
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of  neutral  compounds,  or  of  compounds  with  acid  or  al- 
kaline properties  as  either  ingredient  predominates. 

The  theory,  therefore,  may  be  maintained,  that  the 
properties  of  substances  combining  enter  with  them  into 
the  combination,  and  would  always  be  discoverable  in  the 
compound,  were  it  not  for  accompanying  circumstances, 
by  which  they  are  modified  or  disguised,  and  from  which 
apparently  ne\^  properties  are  acquired. 

Hence  may  be  deduced  the  general  rule,  that  where 
energetic  affinities  are  exerted,  or  where  substances  ha- 
ving opposing  properties  are  united,  the  properties  will  be 
much  changed ; but  where  the  affinity  exerted  is  less  ener- 
getic, or  where  the  substances  combined  are  such  as  agree 
in  the  general  assemblage  of  their  qualities,  the  properties 
of  the  compound  will  not  be  far  from  those  of  its  more 
active  ingredient,  or  from  the  mean  of  those  of  its  consti- 
tuent parts.  The  first  of  these  is  well  illustrated,  in  the 
solutions  of  salts  in  water.  In  this  the  affinity  affecting  the 
solution  is  not  powerful,  and  is  indeed  little  more  than 
sufficient  to  counteract  the  cohesion  of  the  solid  j hence 
the  only  property  that  suffers  alteration  is  the  form.  The 
combinations  of  the  metals  furnish  an  example  which  il- 
lustrates the  second.  They  agree  in  the  possession  of  a 
certain  range  of  properties ; and  accordingly,  when  they 
are  combined,  the  compounds  have  the  general  metallic 
qualities  varied  only,  but  in  general  not  materially  chan- 
ged, so  as  to  be  far  from  the  medium  of  those  of  the  sub- 
stances uniting  ; at  least,  not  more  than  may  be  accounted 
for  by  the  change  in  the  force  of  affinity,  and  in  the  den- 
sity which  arise  from  the  combination. 

Even  in  those  cases  where  more  energetic  affinities  are 
exerted,  and  where  substances  with  opposite  characteristic 
properties  are  combined,  we  may  often  trace  the  properties 
of  compounds,  from  those  of  their  constituent  parts,  as  in 
the  examples  of  the  ammoniacal  salts,  the  volatility  of 
which  appears  to  be  derived  from  their  base;  and  in  the 
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sparing  solubility  of  salts,  composed  of  ingredients  wliicli 
have  a great  tendency  to  solidity  or  fixity,  compared 
with  those  which  have  tendencies  of  an  opposite  nature. 

Yet,  though  these  and  similar  facts  accord  with  the 
theory,  there  are  many  for  which,  on  the  same  principles, 
it  would  be  difficult  to  account.  To  take  an  example 
which  Berthollet  himself  has  partly  stated : Lime  and 
magnesia  with  certain  acids  form  salts  whicli  are  delique- 
scent : potash  and  soda  with  the  same  acids  form  salts 
which  have  no  such  property  ; yet  from  the  theory  the  re- 
verse might  be  expected,  as  potash  and  soda  are  delique- 
scent substances,  while  lime  and  magnesia  are  not ; so  that 
if  the  property  remain  in  the  compound,  it  ought  to  be 
apparent  in  the  salts  having  the  two  former  for  their  base, 
not  in  those  formed  by  the  latter;  nor  is  there  any  evident 
cause  why  in  the  salts  of  lime  and  magnesia  such  a pro- 
perty should  exist  *.  Many  other  examples  may  be  quoted, 
Thus  the  compound  of  lime  with  muriatic  acid  is  deliques- 


* Berthollet,  in  comparing  these  earths  in  this  respect  with 
barytes  and  strontites,  which  do  not  form  deliquescent  salts, 
ascribes  the  difference  to  “ the  influence  of  the  capacity  for 
saturation  by  which  probably  is  to  be  understood,  that  as 
magnesia  and  lime  saturate  a larger  quantity  of  acid  than  these 
bases  do,  the  property  of  deliquescence  may  be  derived  from 
the  acid,  which,  in  the  deliquescent  salts  that  these  earths 
form,  has  a strong  attraction  to  water.  But  this  larger  quan- 
tity of  acid  which  these  bases  condense,  is  supposed  by  Ber- 
thollet himself  to  denote  a stronger  attractive  force  which 
they  exert ; and,  of  course,  this  ought  both  to  neutralize  more 
completely  any  property  of  the  acid,  and  produce  a compound 
with  more  density  or  tendency  to  cohesion,  and  ought  hence 
to  prevent  deliquescence,  if  this  property  were  derived  from 
the  acid.  And,  ammonia,  which  has  an  attraction  to  water  as 
great  as  soda  or  potash,  is  an  example  to  which  this  solution 
does  not  apply;  for  it  does  not  prpduce  deliquescent  salts,  and 
yet,  in  capacity  of  saturation,  it  is  even  superior  to  lime, 
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cent  j that  with  fluoric  acid,  so  far  from  being  so,  is  insolu- 
ble in  water  ; yet  as  both  acids  have  a strong  affinity  to 
water,  and  as  they  do  not  appear  to  differ  much  in  the 
force  of  the  affinity  they  exert  to  lime,  there  is  no  appa- 
rent cause  for  this  difference.  The  whole  class  of  salts, 
indeed,  miglit  be  passed  under  review,  and  as  many  would 
'be  found  unfavourable,  as  favourable  to  the  theory. 

There  are  also  properties  observed  to  be  acquired  by 
compounds,  for  the  production  of  which  it  would  be  diffi- 
cult to  give  any  explanation.  Suppose,  that  the  charac- 
teristic properties  of  acids  depend,  as  has  been  supposed, 
on  their  oxygen,  from  what  modification  can  arise  the 
most  characteristic  quality  possessed  by  all  of  them,  that 
of  changing  the  vegetable  colours  to  a red,  a property  not 
observed  in  oxygen  ? Or  whence  can  the  opposite  proper- 
ty of  the  alkalies,  that  of  changing  the  vegetable  colours 
to  a green,  derive  its  origin  ? At  the  same  time  it  must 
be  admitted,  that  a slight  circumstance  may  give  rise  to 
apparent  difficulties,  and  that  in  such  cases  we  cannot  be 
assured  that  all  the  modifying  circumstances  are  precisely 
known.  We  can  scarcely  expect  more  in  the  theory,  than 
that  it  shall  accord  with  the  greater  number  of  facts ; and 
if  there  are  some  which  appear  to  be  not  comprehended 
under  it,  or  even  to  be  in  opposition  to  it,  this  may  arise 
rather  from  the  difficulty  of  the  investigation,  than  from 
the  principle  itself  being  false. 

In  chemical  combinations,  there  is  in  general  one 
change  which,  being  apparent,  even  in  those  cases  where 
the  changes  of  properties  are  least  considerable,  has  been 
regarded  as  a test  of  chemical  union, — an  alteration  of 
density;  the  density  of  the  compound  not  being  the  mean 
of  the  densities  of  the  component  parts,  and  the  deviation 
from  this  mean  being  often  considerable.  In  the  greater 
number  of  cases,  it  is  increased,  or  a mutual  penetration 
attends  the  combination.  Where  two  airs,  by  combining, 
pass  into  the  fluid  state,  or  when  two  fluids,  or  a fluid  and 
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solid,  form  a solid  compound,  this  is  necessarily  the  case 
to  a great  extent,  and  often  the  density  not  only  exceeds 
the  mean,  but  exceeds  much  that  of  the  more  dense  of  the 
combining  substances  ; in  this  case  the  g\*eat  condensation 
is,  properly  speaking,  the  consequence  of  the  change  of 
form.  But  even  where  this  does  not  take  place,  the  density 
is  increased,  though  not  to  the  same  extent.  Thus,  if  ar- 
dent spirit,  of  the  specific  gravity  of  825,  be  mixed  with 
an  equal  weight  of  distilled  water,  the  specific  gravity  of 
which  is  1000,  the  density  of  the  fluid  resulting  from  the 
combination  is  not  the  mean  density  912.5,  but  is  930. 
There  are  many  similar  examples  in  the  combination  of 
saline  substances  with  water. 

A fact  on  this  subject,  somewhat  singular,  was  observed 
by  R.irwan,  that  in  combinations  the  increase  of  density 
does  not  immediately  acquire  its  maximum^  but  continues 
to  increase.  T.hus,  in  combinations  of  sulphuric  acid,  or 
of  nitric  acid  with  water,  the  full  density  is  not  attained 
after  the  heat  arising  from  the  mutual  action  has  been  re- 
duced, and  the  fluid  has  attained  the  temperature  of  the 
surrounding  medium  ; but  after  the  mixture  had  remained 
six  hours,  a time  more  than  sufficient  to  cool  it,  it  still 
continued  to  increase;  and  in  combining  one  part  of  sul- 
phuric acid  with  two  of  water,  twelve  hours  at  least  were 
requisite  to  the  combination  attaining  its  full  density  *.  It 
can  scarcely  be  doubted,  however,  but  that  in  this  case 
the  combination  becomes  gradually  more  intimate. 

Another  anomalous  fact  with  regard  to  these  combinations 
is,  that  the  increase  is  greater  when  the  bodies  are  com- 
bined at  a low  than  when  combined  at  a high  temperature. 
This  was  ascertained  by  De  Luc  to  be  the  case  with  al- 
cohol and  water,  and  by  Dr  Crawford  to  hold  true  with 
sulphuric  acid  and  water  f. 


* Philosophical  Transactions,  vol.  Ixxii,  p.  180. 
t Treatise  on  Heat,  p.  480. 
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Though  there  is  a tendency  to  increased  density  from 
combination,  this  is  not  always  apparent;  it  is  sometimes 
even  diminished.  In  every  instance,  perhaps,  in  which  two 
liquids  combine,  the  density  is  increased;  but  wdien  a solid 
is  dissolved  by  a liquid,  an  enlargement  of  volume  is  some- 
times observed.  Now,  as  in  chemical  combination,  the 
particles  of  two  bodies  are  made  to  approximate,  it  is  not 
very  obvious  how  enlargement  of  volume  should  be  pro- 
duced. This  has  been  very  well  explained  by  Berthollet : 
A body  in  passing  from  the  solid  to  the  liquid  form  ge- 
nerally has  its  volume  enlarged  : in  solution,  therefore,  the 
augmentation  of  volume  which  the  solid  acquires,  by  pass- 
ing into  the  liquid  state,  may  be  greater  than  the  con- 
densation resulting  from  its  combination,  and,  on  the  whole> 
diminution  of  density  be  the  result.  It  is  not  confined, 
however,  as  Berthollet  has  represented,  to  those  cases  in 
which  there  is  a change  of  form.  In  many  of  the  combina- 
tions of  the  metals,  the  compound  has  a specific  gravity  in- 
ferior to  the  mean  specific  gravity  of  the  metals  combined, 
though  it  exists  in  a solid  state.  In  these  cases,  it  is  pro- 
bable, that  the  enlargement  of  volume  which  happens, 
arises  from  a crystalline  arrangement,  and  is  similar  to 
the  increase  of  volume  which  attends  the  congelation  of  a 
number  of  substances. 

In  the  combination  of  aerial  fluids,  some  important  ge- 
neral laws  exist  with  regard  to  condensation,  which  were 
first  pointed  out  by  Gay-Lussac.  In  general,  when  two 
airs  combine  together,  and  the  product  remains  in  the  ae- 
rial form,  the  condensation  bears  a certain  simple  propor- 
tion to  the  volume  of  airs,  or  rather  to  that  of  one  of  them. 
Thus,  it  is  sometimes  exactly  equal  to  the  volume  of  one. 
An  example  of  this  is  to  be  found  in  the  combination  of 
carbonic  oxide  gas  and  oxygen  gas ; they  combine  in  the 
proportion  of  1 00  parts  by  volume  of  the  former  with  50 
of  the  latter  ; the  product,  carbonic  acid  gas,  occupies  a 
volume  exactly  equal  to  100  : here,  therefore,  the  conden- 
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satlon  is  equal  to  that  of  the  volume  of  oxygen  gas. 
Nitrogen  gas  combines  with  oxygen  gas  in  the  proportion 
of  100  volumes  with  50,  to  form  nitrous  oxide;  and  the 
volume  of  the  nitrous  oxide,  there  is  reason  to  believe,  is 
100  : the  condensation  in  this  case  also,  therefore,  is  ex- 
actly equal  to  the  volume  of  the  oxygen  gas.  The  same 
proportion  appears  to  exist  in  the  combination  of  oxygen 
and  hydrogen  gases,  forming  watery  vapour,  though  from 
the  difficulty  of  ascertaining  exactly  the  specific  gravity 
of  steam,  it  cannot  be  affirmed  with  perfect  certainty.  In 
other  cases  the  ratio  of  condensation  is  different.  Thus, 
three  volumes  of  iiydrogen  gas  combine  with  one  volume 
of  nitrogen  gas,  forming  ammoniacal  gas  ; and  from  the 
specific  gravity  of  this  gas,  it  follows,  that  the  condensa- 
tion is  exactly  half  of  the  whole  volume,  or  twice  the  vo- 
lume of  the  nitrogen.  The  same  proportion  is  found  in 
the  combination  of  muriatic  acid  gas  and  oxygen  gas. 
Lastly,  there  is  reason  to  believe,  that  in  some  cases  no 
condensation  occurs.  ■ The  density  of  nitric  oxide  gas  is 
very  nearly  conformable  to  this,  supposing  it  to  be  com- 
posed of  equal  volumes  of  oxygen  and  nitrogen  gases*. 

Another  law  is  observed  with  regard  to  condensation 
in  the  compound  of  an  aeriform  substance  with  a body 
in  the  solid  form,  the  product  of  their  combination  re- 
maining aerial.  In  this  case  it  frequently  happens  that 
there  is  no  sensible  condensation  ; the  new  elastic  fluid 
continues  to  occupy  exactly  the  volume  of  the  other,  and 
its  increased  density,  therefore,  is  just  that  which  it  gains 
from  the  solid  combined  with  it.  Thus,  when  oxygen  gas 
combines  with  charcoal,  its  volume  remains  unchanged  ; 
the  new  elastic  fluid,  therefore,  which  is  produced  by  this 
combination,  carbonic  acid  gas  as  it  is  called,  is  just  so 
much  heavier  than  the  oxygen  gas,  as  the  weight  of  the 


* Memoires  d’Arcueil,  tom.  2,  p.  218. 
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charcoal  combined  in  it  amounts  to.  In  the  same  man- 
ner, when  the  aeriform  fluid  named  hydrogen  combines 
with  sulphur,  there  is  no  change  of  volume  ; and  the  same 
law  is  probably  observed  in  the  combination  of  sulphur 
with  oxygen,  forming  sulphurous  acid.  It  may  be  sup- 
posed, in  these  cases,  as  Gay-Lussac  suggests,  that  the 
law  comes  under  that  case  of  the  combination  of  two  airs 
in  which  the  condensation  is  that  of  the  volume  of  one  of 
them ; the  solid  in  passing  into  combination  with  the  air 
may  be  supposed  to  pass  into  the  aerial  form,  and  the 
condensation  attending  the  combination  may  be  exactly 
that  of  its  own  volume. 

Next  to  the  change  of  properties,  the  most  important 
phenomenon  attending  chemical  action  is  change  of  tem- 
perature, in  other  words,  the  production  either  of  heat  or 
of  cold.  And  so  general  is  this  effect,  that  it  has  been 
stated  even  as  a law  of  chemical  attraction,  that  its  exertion 
is  accompa7iied  hy  a change  of  temperature. 

The  production  of  heat  is  the  more  frequent  change  ; 
and  the  great  source  of  heat  in  the  operations  of  art  is 
chemical  combination.  The  heat  evolved  in  combustion, 
in  fermentation,  and  from  the  mixture  of  different  chemi- 
cal agents,  has  this  origin.  The  production  of  cold  takes 
place  in  the  solutions  of  salts  in  water,  or  in  other  fluids 
which  act  upon  them  with  more  energy  than  water  does. 
It  also  occurs  to  a still  greater  extent,  when  salts  act  on 
ice  or  snow  ; and  the  greatest  colds  we  can  produce  arise 
from  these  combinations. 

This  production  of  heat  and  cold  is  owing  to  a change 
in  the  relation  of  the  substances  combined  to  the  princi- 
ple on  which  temperature  depends,  expressed  by  saying, 
that  by  chemical  combination  the  capacities  of  bodies  for 
heat  are  altered,  a subject  to  be  afterwards  considered. 
But  there  is  a less  abstract  view,  referring  to  the  imme- 
diate causes  given  by  Berthollet,  of  which  the  following  is 
a sketch. 
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The  effect  of  chemical  combination  Is  condensation,  or 
tliere  is  an  approximation  of  particles,  whence  the  com- 
pound occupies  less  volume  than  its  constituent  parts.  Now 
condensation  is  always  accompanied  with  an  evolution  of 
heat,  as  is  perceived  distinctly  in  the  rise  of  temperature 
produced  by  reducing  the  volume  of  an  elastic  fluid  by 
mechanical  pressure.  And  the  effect  must  be  the  same, 
when  the  condensation  is  the  effect  of  chemical  action. 
The  connection  between  these  was  accordingly  so  obvious, 
that  it  could  not  escape  observation.  It  could  not  fail, 
however,  to  be  also  remarked,  that  the  degree  of  heat  pro- 
duced is  not  proportional  to  the  degree  of  condensation, 
but  in  some  cases  is  greater,  as  measured  by  that  conden- 
sation, than  in  others  j and  the  opposite  change,  or  the 
production  of  cold,  although  it  is  connected  with  enlarge- 
ment of  volume,  is  likewise  not  found  to  be  proportional 
to  that  enlargement.  There  must  therefore  be  some  cir- 
cumstance by  which  this  is  modified.  This  is  the  transi- 
tion of  form  which  so  frequently  accompanies  combination; 
a liquid  becoming  solid,  or  an  air  becoming  liquid,  or  the 
reverse  of  these  changes  taking  place.  A change  of  form 
is  of  itself,  and  independent  of  any  alteration  of  density, 
accompanied  with  an  evolution  or  absorption  of  heat ; the 
absorption  taking  place  when  a solid  becomes  liquid  or 
aeriform,  and  the  evolution  when  an  aeriform  substance 
passes  to  the  liquid,  or  a liquid  to  the  solid  state.  In  che- 
mical action,  therefore,  we  have  two  causes  producing 
change  of  temperature,  and  modifying  each  other, — con- 
densation, and  change  of  form ; the  effect  of  the  former 
being  to  produce  heat,  and  that  of  the  latter,  according  to 
the  kind  of  change,  to  produce  either  heat  or  cold  ; the 
one  therefore  will  sometimes  counteract,  sometimes  con- 
cur with  the  other. 

Thus,  in  the  case  of  a liquid  acting  on,  and  dissolving  a 
solid,  condensation  is  the  immediate  effect  of  the  combina- 
tion, and  so  far  is  productive  of  heat.  But  the  transition 
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of  the  solid  into  the  liquid  state  is”  a source  of  cold;  this 
generally  exceeds  the  other  effect,  and  hence,  in  solutions, 
actual  cold  is  the  usual  though  not  invariable  result.  In 
some  energetic  combinations  causing  solution,  consider- 
able heat  even  is  produced,  the  condensation  from  the  com- 
bination being  more  than  sufficient  to  counterbalance  the 
effect  from  the  change  of  form.  In  like  manner,  the  evolu- 
tion of  a substance  in  the  aerial  state  produced  by  che- 
mical action,  will,  as  a source  of  cold,  counteract  the  ef- 
fect fi  om  the  condensation  resulting  from  the  combina- 
tion, and  lessen  the  degree  of  heat  that  would  have  been 
excited  ; yet  still  the  latter  circumstance  may  be  sufficient  to 
lurnish,  not  only  the  heat  required  for  the  constitution  of  the 
aerial  fluid,  but  to  render  a portion  sensible,  and  raise  the 
, temperature.  In  the  reverse  cases,  the  results  are  similar. 
If  the  effect  of  chemical  action  is  the  transition  of  a sub- 
stance from  the  aerial  to  the  liquid,  or  from  the  liquid  to 
the  solid  state,  this  will  co-operate  with  the  increase  of 
density  which  attends  the  combination,  and  will  cause  more 
heat  to  be  evolved  than  that  increased  density  by  itself 
could  have  produced.  We  And  too,  that  heat,  more  or 
less  considerable,  arises  from  the  combination  of  two  li- 
quids ; because  even  although  the  combination  be  feeble, 
there  is  always  some  degree  of  condensation,  and  there  is 
no  change  of  form  to  produce  an  opposite  effect;  and  where 
the  condensation  is  considerable,  as  in  the  combination  of 
sulphuric  acid  or  of  alkohol  with  water,  the  rise  of  tem- 
perature is  very  observable 

These  two  causes,  change  of  density  and  change  of 
form,  thus  modify  each  other  in  tlie  production  of  change 
of  temperature  trom  chemical  evunbination  ; and  it  is  re- 
quisite not  merely  to  consider  the  total  variation  of  den- 
sity, from  whatever  cause  it  may  arise,  but  the  effects  of 
each.  For  by  change  of  form  new  lelationsto  the  prin- 
ciple or  cause  ol  heat  are  acquired,  in  consequence  of  the 
new  arrangements  of  the  particles  which  are  produced  i and 
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these  are  independent  of  the  alterations  in  density  which 
may  happen  at  the  same  time.  Hence,  in  giving  the  the- 
ory of  change  of  temperature  from  chemical  action,  the 
circumstances  of  change  of  density  from  the  combination 
and  chano-e  of  form  from  it  must  both  be  taken  into  view, 
and  it  is  by  doing  so  that  we  are  enabled  to  explain  the  fact 
not  otherwise  accounted  for, — the  connection  of  the  pro- 
duction of  heat  in  chemical  combination  with  increase  of 
density,  and  of  the  production  of  cold  with  diminution  of 
density,  while  at  the  same  time  they  are  not  proportional 
to  each  other.  It  must  also  perhaps  be  admitted,  that  in 
different  bodies  a change  of  density,  ^o  an  equal  extent, 
will  be  productive  of  different  degrees  of  heat  or  cold,  from 
the  different  relations  they  have  to  the  principle  on  which 
temperature  depends ; and  although  it  is  so  far  satisfactory 
to  trace  the  immediate  causes,  the  phenomena  must,  as  has 
already  been  remarked,  be  ultimately  referred  to  the  changes 
of  capacity  for  heat,  as  ascertained  by  experiment. 


.Sect.  III. — Of  (he  Circumstances  hy  >whieli  Chemical 
Attraction  is  injluenced. 

Chemical  Attraction  is  not  an  invariable  force,  which, 
as  it  is  exerted  by  any  body,  operates  in  all  cases  with  the 
same  strength.  Its  operation  is  considerably  dependent 
on  certain  qualities  of  bodies,  or  on  certain  circumstances 
under  which  they  may  be  placed.  These  are,  the  relative 
quantity  in  which  one  body  acts  on  another ; the  cohesion 
of  bodies  *,  their  insolubility  in  any  fluid  which  is  the  me- 
dium of  action  ; their  specific  gravity  ; efflorescence  j elas- 
ticity ; and  the  state  of  temperature.  The  influence  of 
some  of  these  circumstances  had  been  long  known  ; that 
of  others  has  been  more  clearly  illustrated,  and  in  some 
respects  placed  under  a different  point  of  view,  by  the  re- 
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sciiichcs  of  Ixirthollet.  there  still  rciTRiins  con- 

sidciable  unceitaiiity  with  regard  to  some  parts  of  the  sub- 
ject. Ihe  influence  of  the  relative  quantity  in  which  one 
body  acts  on  another  may  first  be  considered,  as  it  mo- 
difies, to  a certain  extent,  tlie  operation  of  the  others. 

I.  Quantity  of  Matter — The  influence  of  this  cir- 
cumstance on  the  exertion  of  chemical  attraction  has  been 
]iresented  under  different  points  of  view,  leading  to  con- 
clusions which  are  in  some  measure  opposed  to  each  other. 
It  will  be  proper,  therefore,  first  to  consider  the  subject  as 
strictly  as  possible  according  to  the  actual  facts,  and  then 
to  state  the  principle  according  to  which  these  may  be 
illustrated. 

It  has  been  long  known,  that  when  two  bodies  combine 
together  in  different  proportions  with  regard  to  each  other, 
the  attraction  is  stronger,  in  some  of  these  proportions, 
than  in  others.  Considering  one  of  the  substances  as  the 
base  of  the  combination,  and  taking  it  in  a fixed  quantity, 
and  considering  the  other  as  combined  with  it  in  different 
pioportions,  and  as  the  substance  whicii  is  to  be  more  pe- 
culiarly acted  on  by  a decomposing  force,  whether  that  of 
heat,  or  of  another  affinity  causing  its  abstraction,  it  is 
found  to  be  abstracted  with  different  degrees  of  facility, 
in  these  different  proportions.  In  that  proportion  in  which 
the  largest  quantity  of  the  base  is  present,  that  is,  in  the 
first  proportion  of  the  other  ingredient,  the  decomposition 
is  effected  with  greatest  difficulty,  while  the  abstraction  of 
the  additional  proportions  of  the  latter  is  effected  with 
comparative  facility.  The  large  relative  quantity  of  the 
base,  therefore,  seems  to  add  to  the  force  of  attraction, 
which  it  exerts  in  ojiposition  to  any  power  expelling  or 
abstraedng  the  other.  The  observation  of  this  led  to  the 
expression  of  the  partial  law,  that  attraction  is  in  the  in- 
veise  ratio  of  saturation,  or  tliat  the  first  portions  of  a 
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body  combined  with  another  are  retained  by  it,  by  a more 
powerful  attraction  than  any  additional  portions. 

Numerous  illustrations  of  this  general  fact  might  be 
given.  Metals,  for  example,  combine  with  oxygen  ge- 
nerally in  two,  sometimes  in  three  or  in  four  propox'tions. 
Now  the  abstraction  of  the  oxygen  from  these  compounds, 
either  by  the  action  of  heat,  or  the  attraction  exerted  to 
it  by  another  body,  is  easily  effected  to  that  extent  in  which 
the  larger  proportions  of  it  are  present,  while  the  entire 
abstraction,  or,  in  other  words,  the  abstraction  of  the  first 
proportion,  is  often  extremely  difficult;  that  is,  if  100  parts 
of  a metal  combine  in  one  combination  with  10  of  oxygen, 
and  in  another  combination  with  20  of  oxygen,  10  parts  of 
oxygen  in  the  latter  compound  will  be  easily  abstracted, 
while  the  other  10  parts,  or  that  proportion  which  consti- 
tutes the  first  compound,  will  be  retained  by  a much  more 
powerful  force.  Sulphur  combines  with  two  proportions 
of  oxygen  ; the  larger  proportion  which  exists  in  one  of 
these  is  easily  abstracted,  while  the  entire  quantity  is  ab- 
stracted with  more  difficulty.  Charcoal  and  oxygen  af- 
ford a similar  example.  In  like  manner,  in  saline  com- 
pounds,  the  base  of  the  combination,  an  alkali  or  earth, 
is  often  combined  with  different  proportions  of  an  acid, 
and  in  all  such  cases  the  first  proportion,  that  is,  the  small- 
er quantity  of  the  acid  which  is  combined  with  the  base, 
is  held  in  union  with  a stronger  attraction  than  any  of  the 
additional  proportions.  So  far,  therefore,  the  effect  of 
quantity  is  evident. 

Another  general  fact,  proving  the  influence  of  relative 
quantity  of  matter  on  the  force  of  attraction,  in  some  mea- 
sure belonging  to  the  former,  though  not  altogether  limited 
to  cases  where  definite  proportions  arc  established,  is  tlie 
difficulty  of  entire  decomposition  either  by  the  operation  of 
heat  01  of  a supeiior  attraction.  Ihus,  in  the  case  of  the 
compounds  of  aeriform  bodies  with  bodies  which  are  fix- 
ed, the  aerial  ingredient  can  often  be  partially  expelled  by 
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heat,  while  its  entire  expulsion  cannot  be  effected.  The 
same  fact  is  exemplified  in  decomposition  effected  by  di- 
vellent  affinities.  When  a base  of  sparing  solubility  is 
precipitated  from  a combination,  by  the  attraction  exerted 
by  another  body  to  its  solvent,  it  often  retains  a portion 
of  the  ingredient  with  which  it  was  combined,  as  in  the 
decomposition  of  metallic  salts  by  an  alkali ; the  metallic 
oxide,  the  base  of  the  salt,  often  retaining  a portion  of  the 
acid  with  which  it  had  been  united.  In  all  these  cases  it 
appears,  that  as  the  decomposition  proceeds  by  the  expul- 
sion or  abstraction  of  one  of  the  ingredients,  the  relative 
quantity  of  the  other  ingredient  being  increased,  adds  so 

much  to  the  force  of  attraction  which  it  exerts,  that  the 

* ' 

progress  of  the  decomposition  is  arrested.  Nor  is  this  li- 
mited to  cases  where  definite  proportions  are  established; 
it  occurs  in  those  in  which  the  combination  is  indefinite, 
or  in  which  at  least  attraction  is  less  strictly  limited  ; and 
even  in  those  where  definite  proportions  do  exist,  minute 
quantities  of  an  ingredient  (inferior  to  the  quantity  which 
constitutes  the  first  determinate  proportion)  appear  to  be 
often  retained  with  great  force. 

The  influence  of  the  relative  quantity  in  which  one  body 
acts  OH  another,  in  the  force  of  attraction  which  it  exerts, 
is  farther  demonstrated  by  the  general  fact,  that  in  de- 
composing a compound  by  the  action  of  a substance  ex- 
erting an  attraction  to  one  of  its  ingredients,  an  increase 
jn  the  quantity  of  that  substance  beyond  that  which  forms 
the  most  powerful  combination  of  it  with  the  other,  often 
renders  the  decomposition  more  perfect.  In  the  case  of 
a salt,  for  example,  composed  of  an  acid  and  a base,  com- 
bined in  the  proportion  which  constitutes  neutralization, 
if  it  is  to  be  decomposed  by  the  action  of  another  acid,  it 
is  often  necessary  or  advantageous  to  add  a larger  quan- 
tity of  this  acid  than  is  sufficient  to  produce  neutralization 
in  the  new  compound,  and  this  larger  quantity  evidently 
adds  to  the  force  which  it  exerts,  so  as  to  render  the  de- 
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composition  more  perfect*.  Nay,  in  many  cases  the  mere 
addition  of  a larger  quantity  of  a body  will  enable  it  to 
decompose  a compound  by  the  attraction  it  exerts  to  one 
of  its  ingredients,  while  in  a small  quantity  it  will  have  no 
decomposing  effect  whatever.  Thus,  in  metallic  solutions, 
there  are  many  of  them  to  which  a certain  quantity  of 
water  may  be  added,  without  any  decomposition  being 
produced  ; while,  if  the  quantity  of  water  be  increased,  it 
abstracts  from  the  metallic  base  a portion  of  the  acid,  and 
precipitation  from  this  decomposition  is  produced.  And 
it  is  of  importance  to  remark,  that  in  these  cases  there  is 
no  limitation  in  the  progress  of  the  decomposition,  no  suc- 
cessive formation  of  two  or  more  definite  compounds. 
X he  addition  of  a small  portion  of  water  has  no  dccom* 
posing  effect : if  a little  more  be  added,  the  transparency 
still  remains  : with  a farther  addition,  it  begins  to  be  im- 
paired ; by  continuing  the  addition,  the  metallic  oxide  is 
deprived  of  more  and  more  of  its  acid,  becomes  more  in- 
soluble, and  renders  therefore  the  liquor  more  turbid  ; 
and  by  the  affusion  of  a sufficient  quantity  of  water,  near- 
ly the  whole  of  the  acid  may  be  abstracted. 

Another  imjioitant  fact,  establishing  the  same  general 
conclusion,  is  one  wdiich  has  been  noticed  by  chemists  un- 
der the  name  of  Reciprocal  Attraction.  A compound  of 
two  bodies,  A and  B,  may  be  decomposed  by  the  attrac- 
tion exerted  by  a third  body,  C,  to  one  of  its  ingredients, 
suppose  to  A;  the  other  ingredient  B is  disengaged,  and 
a new  compound  AC  is  formed.  In  this  case  it  could  not 
be  supposed  that  the  compound  AC  would  be  again  de- 
composed by  B ; but  such  is  the  fact : by  peculiar  arrafige- 


* A practical  exemplification  of  this  is  in  the  decomposition 
of  nitre  by  sulphuric  acid,  to  afford  nitrous  acid ; a larger 
quantity  of  sulphuric  acid  being  employed  with  advantage 
than  is  necessary  merely  for  the  saturation  of  the  potash  of 
the  nitre. 


80 


OF  CHEMICAL  ATl'RACTION 


ments  it  may  be  decomposed  to  a certain  extent  by  the 
action  of  B,  and  a portion  of  the  compound  AB  repro- 
duced. And  the  arrangement  for  this  purpose  consists 
merely  in  bringing  a large  quantity  of  B into  action.  The 
exam})le  in  which  this  was  particularly  observed  was  that 
of  the  decomposition  of  the  compound  of  sulphuric  acid 
and  potash  by  nitric  acid.  Common  nitre,  the  compound 
of  potash  and  nitric  acid,  is  easily  decomposed  by  sul- 
phuric acid,  the  sulphuric  acid  combining  with  the  potash, 
and  disengaging  the  nitric  acid.  Yet,  on  submitting  the 
compound  of  sulphuric  acid  and  potash  to  the  action  of  a 
large  quantity  of  nitric  acid,  it  was  found  that  the  latter 
attracted  a portion  of  the  potash,  and  a quantity  of  nitre 
was  reproduced.  There  are  similar  results  in  the  mutual 
action  of  sulphuric  and  muriatic  acids  in  soda ; and  in- 
deed in  a number  of  examples  in  the  mutual  action  of 
acids  and  bases,  and  they  all  afford  what  is  apparently  a 
very  direct  proof  of  the  effect  of  the  quantity  in  which  a 
body  acts  on  the  force  of  affinity  it  exerts.  Bergman  gave 
a very  ingenious  explanation  of  it  somewhat  different,  but 
which  leads  to  the  admission  of  the  same  principle  to  a 
certain  extent — au  explanation  which  I shall  have  imme- 
diately to  consider. 

Lastly,  in  consequence  of  the  attraction  exerted  being 
modificdby  the  relative  quantity  within  the  sphere  of  action, 
there  are  many  cases  in  w’hich,  when  a body  is  brought  to 
act  in  opposition  to  another  on  a third  substance  to  wdiich 
both  exert  attractions,  the  latter  is  not  exclusively  com- 
bined with  cither,  but  unites  in  different  proportions  with 
each,  and  thus  two  compounds  are  formed.  Now  it  is  ob- 
vious, that  if  attraction  were  an  uniform  force  acting  sim- 
ply according  to  its  intensity,  this  should  not  happen.  The 
body  exerting  the  most  powerful  attraction  to  the  third 
substance  ought,  if  a sufficient  quantity  of  it  to  form  the 
proportion  in  wdiich  they  unite  be  present,  to  combine 
with  it  exclusively,  and  the  other  exerting  the  weaker  af- 
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finity  ought  to  remain  uncombined ; while,  if  affinity  is 
modified  by  the  quantity  present,  then  a certain  portion  of 
the  third  substance  must  enter  into  combination  with  the 
lattei,  and  the  proportion  in  wdiich  the  participation  is 
established  will  be  in  some  ratio  of  the  affinity  and  quan- 
tity ol  each.  There  are  accordingly  many  cases  in  which 
this  happens in  saline  compounds,  in  particular,  when  two 
acids  are  brought  to  act  on  a base,  each  of  them  combines 
with  a certain  portion  of  it ; or  when  two  bases  act  on  one 
acid,  a similar  participation  of  it  takes  place.  These  cases 
were  amply  illustrated  by  Berthollet,  and  confirmed  by 

experiment.  A few  of  the  more  striking  will  be  found 
in  a note  *. 


“ 1 have  kept,”  says  Berthollet,  “an  equal  quantity  of  potash, 
and  of  sulphate  of  barytes,  in  a small  quantity  of  boiling  water. 
The  potash  had  been  prepared  by  alcohol,  and  contained  no  car- 
bonic acid.  The  operation  was  performed  in  a retort,  and  conse- 
quently in  communication  with  the  air  ; and  it  was  continued 
until  the  mixture  was  desiccated  : the  residue  was  washed  with 
alkohol,  which  dissolved  the  potash,  and  after  that  with  water, 
which  also  produced  an  alkaline  solution,  the  alkali  of  which 
saturated  with  acetic  acid ; after  which,  by  evaporation,  the  so- 
lutionyieldedcrystals,  possessingall  the  characters  and  qualities 
of  the  sulphate  of  potash.  Whence  it  appears,  that  the  sulphate 
of  barytes  was  partially  decomposed  by  the  potash,  and  that  the 
sulphuric  acid  was  divided  between  the  two  bases.”  Now  barytes  . 
decomposes  with  facility  the  compound  of  sulphuric  acid  and 
potash  by  attracting  the  acid  ; yet  here  again  potash,  when  em- 
ployed  m large  quantity,  takes  a portion  of  the  acid  from  barytes. 

Sulphate  of  potash,”  says  Berthollet,  “ having  been  submit- 
ted to  a Similar  experiment  with  an  equal  w^eight  of  lime,  and 
the  dried  residue  having  been  treated  with  alkohol,  an  alkaline 
solution  was  produced  : and  a part  of  the  residue  dissolved  in 
water,  and  yielded  a small  quantity  of  sulphate  of  lime  alono- 
with  the  sulphate  of  potash.”  Here  the  conclusion  is  similar^ 
tor  sulphate  of  lime  is  decomposed  by  potash,  yet  we  find  that 
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Such  are  the  various  facts  having  a relation  to  the  in- 
iluence  of  the  relative  quantity  of  a body  on  the  chemical 
action  which  it  exerts.  It  remains  to  consider  the  ex- 
pression of  the  law  under  which  they  are  to  be  explained. 

Bertholletj  by  whom  they  were  first  clearly  illustrated 
ill  all  their  extent,  supposed  the  attractions  exerted  by 
bodies  to  be  in  all  cases  modified  by  the  relative  quantities 
of  them,  within  the  sphere  of  action.  He  considered  che- 
mical attraction  as  a force,  which  is  capable  of  being  ex- 
erted between  bodies  in  all  proportions ; limits  to  particular 
proportions  in  their  combinations,  when  they  do  occur, 
being  established  only  from  the  influence  of  the  external 
forces  of  cohesion,  elasticity  and  others.  Where  such  cir- 


sulphate  of  potash  can  also  be  decomposed  by  lime.  In  the 
same  manner,  oxalate  of  lime  was  decomposed  by  potash,  phos- 
phate of  lime  by  potash,  carbonate  of  lime  by  potash,  and  sul- 
phate of  potash  by  soda.  In  all,  it  is  evident,  “ that  the  bases 
which  are  supposed  to  form  the  strongest  combinations  with  the 
acids,  may  be  separated  from  them  by  others,  whose  affinities 
are  supposed  to  be  weaker,  and  that  the  acid  divides  itself  be- 
tween the  two  bases.  It  also  appears,  that  acids  maybe  partial- 
ly separated  from  their  bases  by  other  acids,  whose  affinities  were 
supposed  to  be  weaker ; in  which  case,  the  base  is  divided  be- 
tween the  two  acids. {Researches  into  the  Lazvs  of  Chemical 
Affinity^  8,  9,  &c.) 

Some  facts  have  been  stated  in  opposition  to  these,  princi- 
jially  by  Pfaff,  {Annalcs  de  Chimic,  tome  77.)  He  found,  that 
decompositions,  in  various  cases  of  saline  substances,  were  com- 
plete without  any  participation  whatever,  though  the  effect 
could  not  be  ascribed  to  the  operation  of  an}'  external  force  ; 
and  in  other  cases  decompositions  were  not  obtained  even  when 
a large  quantity  of  a decomposing  substance  w'as  employed, 
Bcrtliollethas  shewn,  however,  ihatin  these  cases  circumstances 
operate,  the  influence  of  which  was  not  perceived.  This  is  to  be 
stated  more  fully  in  considering  the  relation  of  these  facts  to 
the  doctrine  of  elective  attractions. 
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cumstances,  therefore,  do  not  operate,  the  tendency  of  at- 
traction is  to  cause  combination  in  every  proportion ; it  is 
exerted  between  different  bodies  in  different  degrees  of 
strength;  it  is  also  influenced  by  quantity,  so  far,  that  an 
inciease  of  quantity  may  always  be  made  to  compensate 
foi  a weakness  of  affinity ; and  the  law  which  regulates  che- 
mical action  in  conformity  to  these  views  is,  that  « every 
substance  having  a tendency  to  enter  into  combination  acts 
in  the  ratio  of  its  affinity  and  quantity.” 

The  general  proposition  on  which  this  conclusion  rests, 
that  of  unlimited  attraction,  cannot  however  be  maintain- 
ed. There  evidently  appear,  in  many  cases,  to  be  limits  to 
combination,  independent  of  the  operation  of  external  for- 
ces, and  as  the  immediate  result  of  the  operation  of  attrac- 
tion itself  5 bodies  combining  more  powerfully  in  certain 
relative  quantities  than  in  others,  and  their  combinations 
being  hence  established  not  only  in  these  proportions  but 
in  no  others.  Of  course,  therefore,  the  influence  of  quan- 
tity on  the  force  of  attraction  cannot  be  admitted  to. an 
indefinite  extent  j for  if  the  quantity  of  any  body  exceed 
that  proportion  in  which  it  is  disposed  to  combine  with 
another,  it  can  evidently  have  no  effect,  nor  can  any  effect 
arise  from  quantity  in  any  proportions  intermediate  be- 
tween those  to  which  the  combination  is  limited.  There 
are  accordingly  many  cases,  in  which  increasing  the  quan- 
tity of  a body  seems  to  add  nothing  to  the  energy  of  its 
chemical  action. 

In  these  combinations,  therefore,  the  expression  of  the 
law  must  be  restricted  to  the  general  proposition  before 
enumerated,  that  the  strength  of  combination  is  different 
in  different  proportions,  and  that  considering  one  of  the 
bodies  as  the  base  of  the  combination,  from  which  the 
other  is  to  be  abstracted  by  some  divellent  force,  the  re- 
sistance which  the  base  opposes  to  that  force  is  greatest  in 

that  combination,  in  which  it  is  in  the  largest  relative  quan- 
tity to  the  other. 
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It  has  been  supposed  that  the  influence  of  quantity 
operates  no  farther  than  this ; and  the  other  facts  appa- 
rently establishing  it  to  a greater  extent,  so  far  as  they 
are  admitted,  have  been  attempted  to  be  brought  under 
this  expression  of  the  law.  With  regard  to  someol  them 
the  explanations  thus  given  are  not  improbable.  Thus, 
the  general  case  of  reciprocal  affinity  was  originally  ex- 
plained by  Bergman,  with  much  ingenuity,  on  a principle 
which  may  be  rendered  conformable  to  it.  He  supposed 
that  a compound  might  have  an  attraction  to  an  addition- 
al portion  of  one  of  its  ingredients,  and  that  this  might 
aid  its  decomposition  to  a certain  extent  when  it  is  acted 
on  by  a substance  exerting  an  attraction  to  its  other  in- 
gredient. In  the  example  already  referred  to,  (page  80.) 
of  sulphate  of  potash  decomposed  by  nitric  acid,  Bergman 
conceived  that  this  compound  exerts  an  attraction  to  an 
excess  of  one  of  its  ingredients,  sulphuric  acid  j when  act- 
ed on  therefore,  by  nitric  acid,  two  forces  operate  to  pro- 
duce its  decomposition, — the  attraction  of  the  nitric  acid 
to  the  potash  of  the  sulphate  of  potash,  and  the  attraction 
of  the  sulphate  of  potash  to  an  excess  of  sulphuric  acid. 
At  the  same  time  that  decomposition  must  be  partial ; for 
when  the  sulphate  receives,  in  the  progress  of  the  opera- 
tion, the  quantity  of  sulphuric  acid  to  which  it  has  an  af- 
finity, there  remains  only  the  attraction  of  the  nitric  acid 
to  the  potash,  which  of  itself  is  unable  to  prevail.  The 
results,  therefore,  are  the  combination  of  the  potash  of  a 
certain  portion  of  the  sulphate  of  potash  with  the  nitric 
acid,  while  the  sulphuric  acid  of  this  portion  combines  with 
the  remaining  quantity,  and  forms  what  is  called  super- 
sulphate of  potash.  Now,  it  may  be  supposed,  that  this 
proportion  of  sulphuric  acid  is  a determinate  one,  and 
also  that  it  is  directly  combined  with  the  potash  ; in  other 
words,  that  potash  combines  with  sulphuric  acid  in  two 
definite  proportions  ; and  then  the  case  may  evidently  be 
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expressed  in  conformity  to  the  preceding  general  law. 
Other  cases  of  reciprocal  affinity,  such  as  that  of  the  com- 
pound of  sulphuric  acid  and  soda,  decomposed  by  mu- 
riatic acid,  may  be  explained  in  the  same  manner : and 
Bergman  remarked,  that  with  regard  to  many  saline  sub- 
stances, there  are  thus  exerted  attractions  sometimes  to  an 
excess  of  acid,  and  sometimes  to  an  excess  of  base. 

In  cases  too,  in  which  decomposition  is  promoted  or 
rendered  more  perfect  by  an  increase  in  the  quantity  of 
the  decomposing  substance,  the  same  principle  may  be 
applied.  In  that,  for  example,  already  referred  to,  of  the 
decomposition  of  the  compound  of  nitric  acid  and  potash 
by  sulphuric  acid,  in  which  it  is  found,  that  to  produce  the 
entire  decomposition,  a larger  quantity  of  sulphuric  acid 
must  be  added  than  is  necessary  to  saturate  the  potash ; 
this  larger  quantity  may  be  conceived  to  operate  by  form- 
ing the  definite  compound  of  potash  with  an  excess  of 
sulphuric  acid,  and  thus  preventing  the  concurrent  affi- 
nity explained  in  the  preceding  paragraph,  by  which 
otherwise  a portion  of  nitric  acid  would  be  retained  in 
combination  with  a corresponding  portion  of  potash. 

The  cases  of  partial  decomposition,  from  the  agency  of 
a decomposing  force,  have  in  like  manner  been  referred 
to  tfie  principle,  that  successive  definite  compounds  are 
formed,  in  which  the  force  of  attraction  is  different  in  dif- 
ferent proportions.  Thus,  when  the  compound  of  potash, 
with  the  largest  proportion  of  carbonic  acid  with  which  it 
unites,  is  exposed  to  heat,  a considerable  portion  of  car- 
bonic acid  is  expelled  by  a heat  comparatively  moderate, 
while  the  expulsion  of  the  entire  quantity  requires  a heat 
much  more  intense.  In  this  case  the  potash  is  considered 
as  combined  with  carbonic  acid  in  two  definite  propor- 
tions ; in  one  of  which,  that  containing  the  smaller  pro- 
portion, the  force  of  attraction,  conformable  to  the  general 
law,  is  much  stronger  than  in  the  other ; and  hence  it  re- 
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sists  the  decomposing  force  by  which  the  compound  in 
the  other  proportion  is  decomposed. 

Some  of  tliese  explanations  are  probably  just,  and 
wherever  combinations  in  definite  proportions  truly  exist, 
this  expression  of  the  law  ought  to  be  applied.  But  there 
is  some  reason  to  believe,  that  the  assumption  of  definite 
combinations,  to  the  exclusion  of  the  influence  of  quantity, 
has  been  too  far  extended,  that  there  are  cases  in  which 
they  do  not  exist,  and  in  which  that  influence  must  be 
admitted  with  less  limitation. 

In  the  decomposition,  for  example,  by  heat,  of  com- 
pounds, composed  of  a fixed  and  volatile  ingredient,  in 
which  the  volatile  ingredient  is  expelled,  there  appears,  in 
many  cases,  to  be  nearly  an  insensible  gradation  in  the  de- 
composition, according  to  the  degree  of  heat  applied,  and 
this  even  in  compounds  in  which,  under  other  circum- 
stances, the  elements  combine  in  definite  proportions. 
Carbonate  of  lime,  the  compound  of  lime  and  carbonic 
acid,  affords  an  example.  It  yields  different  portions  of  car- 
bonic acid  according  to  the  d^rec  of  heat  to  which  it  is 
exposed;  and  the  last  portions  are  retained  with  such 
force,  that  a very  powerful  heat  is  required  to  expel  the 
whole.  Now,  on  the  doctrine  of  definite  proportions,  the 
decomposition  should  either  not  take  place,  or  when  it 
occurs  it  should  be  complete ; or  at  least,  if  there  is  any 
intermediate  state,  this  should  be  limited  to  one  or  two 
specific  proportions.  But  the  fact  is  otherwise  : variable 
' quantities  of  carbonic  acid  may  be  expelled,  variable 
quantities  of  course  remaining ; and  the  influence  of  quan- 
tity through  the  whole  operation  is  evident  from  the  fact, 
that  a higher  heat  is  necessary  to  cause  the  expulsion  as 
the  decomposition  proceeds.  The  only  mode  of  account- 
ing for  this  on  the  other  assumption  is,  that  a portion 
only  of  the  carbonate  is  decomposed,  another  part  of  it 
remaining  undecomposed.  But  how  is  this  possible,  since 
the  whole  mass  is  equally  exposed  to  the  same  tempera- 
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ture,  and  must  undergo  therefore  the  same  change.  And 
the  tact  is  a proof,  that  even  with  regard  to  substances, 
which  usually  combine  in  uniform  proportions,  others  may 
be  established,  and  this  from  the  influence  of  quantity  alone. 
There  are  many  similar  facts  ; in  almost  all  cases,  indeed, 
of  decomposition  by  heat,  the  expulsion  of  different  por- 
tions of  the  volatile  ingredient  takes  place  at  successive 
stages  of  temperature,  and  nothing  frequently  is  more  dif- 
ficult than  to  produce  its  perfect  expulsion.  In  decom- 
positions produced  by  the  operation  of  divellent  affinities, 
there  appear  to  be  also,  in  many  cases,  a series  of  indefinite 
combinations  established.  In  decomposing,  for  example, 
a metallic  salt  by  the  action  of  an  alkali  attracting  its  acid, 
the  decomposition  is  often  only  partial ; that  is,  the  metal- 
lic oxide  which  is  precipitated  retains  a portion  of  the 
acid  combined  with  it,  more  of  the  acid  beino-  abstracted 

O 

as  a larger  quantity  of  alkali  is  brought  to  act  on  the 
precipitate.  Nor  is  there  any  thing  but  assumption  in 
the  supposition  which  has  been  advanced  to  account  for 
this,  that  these  precipitates  are  mixtures  of  two  or  more 
definite  compounds.  In  like  manner,  in  abstracting  car- 
bonic acid  from  potash  by  a divellent  affinity,  such  as  that 
by  lime,  it  is  scarcely  possible  to  abstract  it  entirely.  If 
therefore  definite  combinations  are  supposed  to  exist  in 
these  cases,  they  must  be  held  to  be  much  more  numerous 
than  has  usually  been  maintained. 

Lastly,  in  combinations  which  are  admitted  to  be  al- 
together indefinite,  the  influence  of  quantity  on  chemical 
attraction  is  equally  to  be  traced.  Sulphuric  acid  and 
water  combine  in  all  relative  proportions  to  each  other. 
But  the  energy  of  action  is  much  greater  when  a given 
quantity  of  the  acid  is  combined  with  a small  portion  of 
water,  than  when  it  is  combined  with  a larger  quantity. 
And  in  again  expelling  the  water  by  heat,  a higher  tem- 
perature is  required  as  the  quantity  of  water  is  reduced ; 
in  other  words,  as  the  acid  is  relatively  increased.  When 
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water  is  brought  to  act  on  a solid  salt,  a large  quantity 
overcomes  the  cohesion  of  the  solid  with  facility  and  dis- 
solves it ; but  as  this  proceeds,  the  quantity  of  solid  matter 
dissolved  becoming  larger,  the  affinity  becomes  weaker ; 
the  solution  takes  place  more  slowly,  and  at  length  ceases. 
In  all  these  cases  then,  the  energy  of  chemical  action  is 
increased,  simply  by  the  increase  of  quantity  in  the  body 
exerting  it,  independent  of  any  law  with  regard  to  specific 
proportions. 

Ihe  general  summary  then,  which  maybe  given  with 
regard  to  the  influence  ot  the  relative  quantity  of  matter  on 
the  attraction  which  bodies  exert, is,  that  in  those  combina- 
tions in  which  proportions  perlectly  definite  are  established, 
its  operation  is  limited  to  these  proportions.  This  necessa- 
rily must  be  the  case ; but  still  its  influence  is  conspicuous  in 
the  general  fact,  that  the  resistance  opposed  to  decompo- 
sition is  different  in  the  different  proportions,  and  is 
greatest  in  that  proportion  in  which  the  smallest  quantity 
of  the  ingredient  acted  on  by  the  decomposing  force  is 
present,  the  larger  relative  quantity  of  the  other  adding 
to  the  attraction  it  exerts.  In  combinations  which  are 
less  strictly  definite,  its  effect  is  more  general,  and  is  of- 
ten evident  in  partial  decompositions,  and  in  the  partici- 
pation of  a body  acted  on  by  others  exerting  an  attraction 
to  it  under  the  same  sphere  of  action.  Lastly,  in  com- 
binations which  are  unlimited,  its  operation  is  still  more 
simple,  and  may  perhaps  be  expressed,  according  to  the 
annunciation  by  Berthollct,  that  the  energy  of  action  is  in 
the  ratio  of  the  affinity  and  quantity  of  the  body  exerting 
it.  And  in  all  these  cases,  the  influence  ol  this  circum- 
stance can  often  be  happily  applied  to  the  explanation  of 
chemical  phenomena. 

As  all  attiactionis  mutual,  it  is  necessary,  in  expressing 
the  effect  of  quantity  in  the  combination  of  two  bodies,  to 
consider  it  in  relation  to  the  force  which  is  exerted  to  sub- 
vert the  combination.  If  in  a compound  of  a and  by  the 
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force  exerted  is  one  acting  more  peculiarly  on  and  tend- 
ing to  abstract  it,  as,  for  example,  the  attraction  of  ano- 
ther body  towards  it,  or  the  effect  of  heat  upon  it,  as  a 
volatile  substance,  compared  with  the  other  as  fixed,  then 
the  influence  of  quantity  is  to  be  considered  as  exerted  by 
Z>,  the  abstraction  of  a being  more  difficult  as  the  relative 
quantity  of  b is  increased.  On  the  other  hand,  if  the  de- 
composing force  were  one  acting  on  6,  such  as  the  influ- 
ence of  cohesion,  or  a divellent  affinity  exerted  to  it,  the 
effect  of  quantity  must  be  considered  in  relation  to  a,  the 
abstraction  of  b being  more  difficult  as  the  quantity  of  a 
is  increased. 

No  law  with  regard  to  chemical  affinity  is  more  impor- 
tant than  that  now  illustrated,  not  only  from  its  direct  in- 
fluence, but  as  modifying  the  operation  of  the  other  cir- 
cumstances by  which  chemical  action  is  influenced.  The 
direct  corollaries  from  it  may  be  stated. 

First,  It  follows  from  it,  that  the  chemical  action  of  any 
substance  on  another  must  diminish  as  it  advances  to  sa- 
turation. Its  energy  depends  on  its  affinity  and  quantity; 
that  portion  which  enters  into  combination  has  its  affinity 
saturated,  and  this  being  equivalent  to  its  abstraction,  the 
remaining  quantity  must  have  a less  powerful  action. 
So  far  as  it  is  not  limited  by  fixed  proportions  this  law  ope- 
rates. 

Secondly,  A compound  subjected  to  decomposition,  must 
oppose  a stronger  resistance  to  the  decomposing  agent,  in 
proportion  as  the  decomposition  proceeds,  for  the  increase 
in  the  relative  quantity  of  the  one  of  its  ingredients  to  the 
other  which  is  abstracted,  adds  to  the  force  of  the  attrac- 
tion between  them.  Hence,  when  a substance  is  separated 
from  a combination  by  precipitation,  it  generally  retains 
a portion  of  the  substance  with  which  it  was  combined 
And,  in  like  manner,  in  decompositions  by  heat,  the  de- 
composition is  often  only  partial,  and  the  last  portions  of 
the  expelled  ingredient  are  retained  with  great  force. 
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There  is  not,  however,  in  every  case,  this  participation. 
From  the  interference  of  cohesion  and  elasticity,  or  the 
predominance  of  very  powerful  attractions,  decomposition 
is  sometimes  rendered  complete,  and  substances  are  ob- 
tained pure  and  insulated. 

Lastly^  in  decomposing  a compound  by  the  action  of 
a body  exerting  an  attraction  to  one  of  its  constituent 
parts,  the  decomposition  is  often  rendered  more  complete, 
by  adding  a larger  quantity  of  the  decomposing  substance, 
than  is  exactly  equivalent  to  the  substance  abstracted,  and 
the  results  of  chemical  action  are  often  materially  modi- 
fied by  changes  in  the  proportions.  These  circumstances 
frequently  demand  attention  in  practical  chemistry. 

II.  Cohesion. — Cohesion,  or  that  force  by  which  the 
particles  of  the  same  kind  of  matter  are  held  together, 
and  from  which,  when  exerted  with  energy,  bodies  exist 
in  the  solid  form,  has  an  influence  in  counteracting  affi- 
nity, and  opposing  chemical  action,  which  has  long  been 
observed. 

It  is  evident  that  a force,  which  retains  the  particles  of 
a mass  of  matter  in  union,  must  oppose  any  action  tend- 
ing to  separate  them,  in  order  to  bring  them  into  new  ar- 
rangements or  combinations,  and  the  ultimate  result  must 
depend  on  the  proportion  of  these  to  each  other.  If  co- 
hesion is  powerful,  affinity  may  be  effectually  resisted,  and 
no  combination  take  place ; and  if  cohesion  be  inconside- 
rable, a weak  affinity  may  be  predominant,  and  a combina- 
tion be  effected.  The  more  powerful  aggregation  is,  the 
stronger  must  a chemical  attraction  be  to  overcome  it, 
and  whatever  weakens  aggregation  must  favour  combina- 
tion. 

There  are,  accordingly,  a number  of  examples  in  che- 
mistry, in  which  aggregation  in  bodies  is  so  powerful, 
that  they  are  not  sensibly  acted  on  by  others,  though 
combination  is  effected  when  the  aggregation  of  the  solid 
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is  destroyed.  Thus  the  native  oxide  of  tin  resists  the  ac- 
tion of  any  acid ; it  was  discovered  by  Guyton,  that  this 
is  owing  to  its  strong  aggregation,  and  that  when  tliis  is 
overcome  by  mechanical  operations,  it  becomes  soluble. 
Klaproth  found,  that  the  ruby,  the  sapphire,  and  the  ada- 
mantine spar,  from  the  same  cause, — the  strength  of  the 
aggregation  between  their  particles, — are  scarcely  affected 
by  any  chemical  agent ; but  if  their  cohesion  be  weakened, 
they  are  acted  on,  and  their  analysis  can  be  accomplished. 
Hence  the  mechanical  operations  of  Trituration,  Leviga- 
tion,  and  Granulation,  are  of  considerable  importance  in 
facilitating  chemical  action,  partly  by  diminishing  aggre- 
gation, and  partly  by  increasing  the  surface  at  which  affi- 
nity is  exerted. 

The  observation  of  the  effects  of  cohesion  in  counter- 
acting chemical  action,  gave  rise  to  the  axiom  which  has 
long  been  delivered  in  chemistry,  Corpora  non  agunt  nisi 
sint  soluta : Bodies  do  not  act  on  each  other,  unless  they 
are  dissolved,  or  in  a fluid  state.  Though  to  this  propo- 
sition there  are  some  exceptions,  it  is  generally  true.  It 
is  seldom  that  two  solid  bodies  act  chemically  on  each 
other;  while  fluids  having  mutual  affinities  combine  with 
facility  ; and  fluids  act  on  solids  with  energy,  proportioned 
to  the  attractions  they  have  towards  them.  The  fluidity 
necessary  to  chemical  action  is  communicated  sometimes 
by  the  application  of  heat,  sometimes  by  the  addition  of  a 
fluid,  as  water,  which  dissolves  or  renders  liquid  one  or 
both  of  the  bodies  concerned,  without  materially  aherino- 
the  order  of  their  attractions.  Hence  fusion  and  solution 
are  the  common  media  of  chemical  action. 

It  is  not  true,  however,  that  fluidity  is  indispensable  to 
chemical  action.  There  are  many  examples  in  which  two 
solid  bodies,  in  a state  of  mechanical  divi.sion,  act  chemi- 
cally on  each  other.  Thus,  a number  of  compound  salts, 
mixed  together  merely  in  powder,  suffer  mutual  decompo- 
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sition  : different  solid  salts  too  act  on  ice  or  snow  at  low 
temperatures,  at  which  neither  of  the  ingredients  sepa- 
rately can  be  fluid ; and  various  earths,  when  mixed,  and 
exposed  to  heat,  combine  and  form  a fusible  compound, 
at  a temperature  inferior  to  what  would  be  requisite  to 
communicate  fluidity  to  either  of  them.  In  such  cases, 
the  mutual  affinity  is  sufficiently  strong  to  overcome  the 
aggiegatiou  in  each,  and  they  establish  the  propriety  of 
the  more  general  expression  of  the  fact, — that  to  admit 
of  chemical  action  the  attraction  of  aggregation  in  bodies 
must  be  diminished  below  the  force  of  the  chemical  at- 
traction subsisting  between  them. 

When  the  affinity  of  a fluid  to  a solid  has  overcome  the 
cohesion  of  the  solid,  and  dissolved  as  large  a portion  of 
it  as  it  can  do,  it  may  still  dissolve  a quantity  of  a differ- 
ent solid,  by  the  affinity  it  exerts  towards  it ; and  it  some- 
times happens,  from  the  reciprocal  action  of  the  two  solids, 
that  the  solution  of  the  second  is  effected  in  larger  quan- 
tity, than  it  would  have  been  if  the  other  had  not  been 
previously  dissolved  ; and  even  a fresh  portion  of  the 
first,  if  added,  will  be  dissolved.  This  was  observed  by 
Lemery  in  the  solution  of  nitre  and  sea-salt  in  water. 
Vauquelin  found  the  same  phenomenon  to  be  exhibited 
by  a number  of  saline  substances  *.  Hence  the  reason 
that  those  salts  which  produce  cold  during  their  solution 
in  water,  produce  it  to  a greater  extent  when  previously 
mixed  than  when  they  are  dissolved  separately ; the  cold 
arises  from  tire  solution,  and  a larger  quantity  of  solid 
matter  becomes  fluid  in  a shorter  time  ; and  hence  also  the 
difficulty  found  in  many  cases  of  separating  completely 
salts  by  crystallization  which  have  been  dissolved  toge- 
ther, as  well  also  as  the  formation  of  an  uncrystallizable 
residue  f. 


• Annales  de  Chimie,  t.  xiii.  86. 
t Berthollet’s  Researches,  163. 
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Cohesion,  though  weakened  in  fluids,  is  not  to  be  re- 
garded as  entirely  impaired ; its  existence  is  evident  in  the 
adhesion  of  the  parts  of  a fluid  forming  globules,  and  it  is 
sufficiently  powerful  to  resist  the  reciprocal  action,  or  to 
limit  the  combination  of  fluids,  the  mutual  affinities  of 
which  are  weak.  In  general,  however,  the  resistance  it 
opposes  is  too  inconsiderable  to  limit  the  combination,  and 
fluids  usually  combine  in  all  proportions,  especially  where 
there  is  no  considerable  difference  in  specific  gravity. 

So  far  the  operation  of  cohesion  on  chemical  action  was 
known  to  chemists.  But,  besides  these  effects,  a more  ex- 
tensive influence  has  been  attributed  to  it  by  Berthollet, 
particularly  in  shewing,  that  the  phenomena  referred  to 
certain  forces  of  adhesion,  or  physical  affinity,  probably 
arise  from  chemical  attraction,  balanced  by  the  power  of 
cohesion ; in  illustrating  also  the  cause  of  the  limits  to  so- 
lution, from  the  deci*easing  ratio  with  which  attraction  is 
exerted,  while  the  cohesion  remains  uniform  ; and  in  ex- 
plaining its  agency  in  determining  combinations  in  fixed 
proportions. 

The  principal  peculiarity  in  the  view  which  Berthollet 
gives  of  the  influence  of  cohesion  on  chemical  action,  is, 
that  of  regarding  it  not  merely  as  a quality  of  bodies  actual- 
ly solid,  (or  remaining  in  a small  degree  in  fluids,)  resist- 
ing the  exertion  of  affinity,  and  ceasing  to  act  when  soli- 
dity is  destroyed,  but  as  continuing  to  operate,  even  when 
it  has  been  apparently  overcome,  so  that  by  an  increase  in 
its  action  it  may  influence  chemical  combination.  Thus, 
it  may  be  suspended  by  a superior  affinity,  or  by  the  agen- 
cy of  heat;  and  its  energy  may  be  so  far  subdued,  as  to 
appear  entirely  negative;  but  it  still  continues  so  far  ac- 
tive, that  if  these  forces  are  diminished  its  action  will  be 
exerted,  even  before  solidity  takes  place,  and  will  counter- 
act affinity.  Or  if,  in  consequence  of  new  affinities,  com- 
binations are  produced,  it  will  frequently  determine  the 
proportions  in  which  the  elements  are  combined.  Beinn- 
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exerted  between  the  integrant  particles  resulting  from  the 
combination,  whenever  its  intensity  is  sufficient  to  counter- 
balance the  affinity  of  the  liquid  to  the  substance  formed, 
it  will  produce  its  separation  by  crystallization  or  pre- 
cipitation, will  of  course  withdraw'  it  in  part  from  the  sphere 
of  action,  and  oppose  a resistance  to  any  further  exertion 
of  chemical  power,  and  by  such  an  operation  will  fix  the 
proportions.  This  is  the  most  important  effect  of  cohesion, 
and  I shall  have  immediately  to  state  this  agency  of  it  in 
considering  the  causes  of  the  limits  of  chemical  combina- 
tion. 

Farther,  from  considering  cohesion  and  chemical  attrac- 
■ tion  as  antagonist  powers,  and  comparing  the  effects  which 
arise  from  them  when  they  are  exerted  in  different  degrees 
of  intensity,  Berthollet  traces  various  degrees  of  combina- 
tion more  or  less  intimate,  and  thus  refers  to  one  princi- 
ple those  varieties  of  action,  which  have  been  considered 
as  produced  by  peculiar  forces,  named  attraction  of  ad- 
hesion, capillary  attraction,  physical  affinity,  and  hygro- 
metric  affinity.  These  he  regards  as  mere  varieties  of  che- 
mical attraction,  balanced  more  or  less  by  cohesion.  « The 
distinction  attempted  to  be  established  by  some  philoso- 
phers between  chemical  affinity  and  physical  adhesion  is 
without  foundation  ; for  the  effects  which  they  attribute  to 
the  latter,  depend  on  the  same  cause  as  those  which  are 
owing  to  affinity,  and  arc  only  different  in  the  energy  of 
the  reciprocal  action  compared  with  the  resistance  opposed 
to  it 

Thus,  if  in  a solid  substance,  the  cohesion  exceed  the 
affinity  exerted  to  it  by  a liquid,  the  solid  will  remain  un- 
altered as  to  its  form  or  properties,  but  may  still  present 
some  shades  of  union  with  the  liquid.  The  affinity  may 
indeed  be  so  weak,  or  the  cohesion  so  strong,  that  the 
fluid  will  even  not  adhere  to  the  surface  of  the  solid,  as  in 


* Chemical  Statics,  vol.  1,  p.  18. 
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the  example  of  a drop  of  water  applied  to  a polished 
metal ; but  in  other  cases  this  adhesion  takes  place,  and 
extends  along  the  surface,  contrary  even  to  the  specific 
gravity  of  the  liquid,  especially  where  that  surface  is  great, 
proportioned  to  the  quantity  of  liquid,  as  in  tubes  of  narrow 
diameter,  producing  the  phenomena  referred  to  what  is 
termed  Capillary  Attraction.  From  a still  stronger  affi- 
nity, the  liquid  may  be  imbibed  by  the  solid,  without  how- 
ever the  force  being  sufficiently  energetic  to  separate  the 
particles  from  their  state  of  cohesion.  This  happens  in 
hygrometrical  phenomena,  which  were  ascribed  to  this 
cause  by  Saussure.  If  it  be  a little  more  powerful,  or  the 
cohesion  rather  less  strong,  the  latter  power  may  be  so  far 
weakened  by  the  affinity  of  the  liquid  imbibed,  that  the 
solid  is  reduced  to  powder,  as  is  exemplified  in  the  slack- 
ing of  lime  by  water.  Sometimes,  though  not  sufficiently 
powerful  to  reduce  it  to  its  ultimate  particles,  it  is  suffi- 
ciently so  to  hold  small  masses  of  it  suspended  for  a con- 
siderable time,  notwithstanding  the  difference  of  specific 
gravity,  as  is  observed  in  the  diffusion  of  precipitates.  And, 
lastly,  if  the  affinity  is  still  more  powerful,  and  the  quan- 
tity of  fluid  sufficiently  large,  the  cohesion  is  overcome, 
and  the  solid  is  dissolved  by  the  liquid. 

In  this  case  a new  series  of  phenomena  commences,  in 
which  we  perceive  the  relation  of  cohesion  to  the  former 
modifying  circumstance,  quantity  of  matter.  Chemical 
action  is  exerted,  not  only  in  the  ratio  of  the  attraction 
of  one  body  to  another,  but  likewise  in  a certain  ratio  of 
quantity ; hence  in  solution  the  power  exerted  by  the  li- 
quid, or,  rather,  the  reciprocal  tendency  to  combination  in 
the  solid  and  liquid,  diminishes  as  the  solution  proceeds. 
The  affinity  may  at  first  be  sufficiently  strong  to  overcome 
the  cohesion  of  the  solid  ; but  the  action  of  the  liquid,  in 
consequence  of  this  law,  becoming  w'eaker  as  it  approaches 
to  saturation,  it  may,  after  a certain  period,  be  so  far  re- 
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duced  in  force,  as  to  be  unable  to  produce  this  effect,  and 
the  progress  of  the  combination  must  cease. 

We  have  thus  a clear  view  of  the  nature  of  solution,  and 
of  the  causes  which  limit  it.  Formerly  the  fact  was  stated 
as  an  ultimate  one,  that  a fluid  dissolves  certain  quantities 
of  solids,  without  the  cause  of  these  limits  to  it  being  dis- 
tinctly pointed  out.  We  now  perceive  it  in  this  relation 
between  cohesion  and  chemical  affinity.  When  a liquid 
is  poured  on  a solid,  suppose  water  on  a salt,  it  first  over- 
comes the  cohesion  of  the  solid  by  the  attraction  it  exerts 
to  its  particles;  hence  the  solid  is  dissolved.  When  the 
cohesion  of  the  solid  can  thus  be  overcome  by  the  affinity 
of  the  liquid,  why  shonlrf  the  solution  not  proceed  until 
every  intermediate  consistence  between  solidity  and  fluidity 
is  attained  ? The  reason  is,  that  the  force  of  the  affinity, 
in  conformity  to  the  law  which  arises  from  the  effect  of 
quantity,  diminishes  as  there  is  an  approximation  to  sa- 
turation. In  the  progress  of  the  solution,  it  arrives,  there- 
fore, at  an  equilibrium  with  the  power  of  cohesion  in  the 
solid,  and  then,  it  is  obvious,  the  solution  must  cease. 
Hence  also  the  quantity  of  matter  dissolved  is  increased, 
by  raising  the  temperature,  as  this  diminishes  the  force  of 
cohesion. 

III.  Insolubility. — The  insolubility  of  a substance  in 
a fluid,  which  is  the  medium  of  chemical  action,  has  an 
influence  on  that  action  similar  to  that  of  cohesion,  and  is 
indeed  nothing  but  a modification  of  it  in  relation  to  the 
fluid  in  which  it  is  exerted.  W^hen  substances  in  the  li- 
quid state  act  on  each  other,  their  action  meets  with  little 
foreign  resistance,  and  is  therefore,  in  a great  measure,  pro- 
portional to  their  affinity  and  quantity.  But  if  one  of 
them  be  solid,  and  be  also  insoluble  in  the  fluid  which  is 
the  medium  of  action,  the  insoluble  matter  must  present 
comparatively  few  points  of  contact ; it  is  withdrawn  from 
the  sphere  of  action  ; and  if  it  be  opposed  to  a combina- 
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tion,  it  can  act  with  comparatively  little  energy.  From 
the  same  cause,  if  it  be  a compound,  and  be  acted  on  by 
any  substance  tending  to  combine  with  one  of  its  princi- 
ples, its  insolubility  must  in  some  measure  protect  it,  as 
abstracting  it  from  the  action  of  the  decomposing  substance. 

Insolubility  may  also  determine  the  proportions  in  which 
a compound  is  formed  ; for  if^  in  the  progress  of  c(»mbina- 
tion,  a compound  be  produced  which  is  insoluble,  it  will 
be  immediately  precipitated,  become  insulated,  and  thus 
fixed  in  its  proportions. 

Lastly,  it  admits  ol  decomposition  being  more  complete. 
If  the  substance  eliminated  in  the  progress  of  chemical  de- 
. composition  be  soluble,  as  it  remains  within  the  sphere  of 
action,  it  continues  to  oppose  the  action  of  the  decompos- 
ing substance,  and  the  body  to  which  each  has  an  attrac- 
tion is  shared  between  them  according  to  their  affinities 
and  quantities.  But  if  it  be  insoluble,  being  withdrawn, 
it  opposes  no  obstacle  to  the  progress  of  the  decomposition, 
which  is  therefore  more  rapid  and  complete. 

Specific  Gravity. — Great  specific  gravity  in  a 
substance  having  much  cohesion,  or  of  sparing  solubility, 
must  co-operate  with  these  qualities  in  influencing  chemi- 
cal action.  It  withdraws  the  body  possessed  of  it  from  the 
sphere  of  action,  and  the  subsidence  can  be  but  imper- 
fectly counteracted  by  agitation:  hence  it  must  so  far  re- 
tard its  combinations;  it  must  also  diminish  its  power  in 
effecting  decomposition  ; and  it  must,  if  the  substance  be 
a compound,  resist  its  decomposition  from  the  action  of 
other  bodies  upon  it. 

V.  Elasticity — This  property  is  possessed  in  such  a 
degree  as  to  produce  sensible  chemical  effects,  only  by 
aeriform  substances.  Though  the  reverse  of  cohesion,  it 
operates  on  a similar  principle,  or  influences  chemical  ac- 
tion, by  withdrawing  the  particles  from  the  sphere  of  at- 
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traction.  According  to  its  various  degrees  of  energy,  and 
accordiiifT  as  it  is  modified  by  other  circumstances,  it  re- 

O •' 

sists  combination,  or  favours  decomposition. 

When  two  elastic  fluids  are  mingled  together,  though 
they  have  mutual  affinities,  they  do  not  in  the  greater  num- 
ber of  cases  combine.  A priori^  we  might  be  led  to  ex- 
pect that  they  would  combine  with  rapidity  ; for  as  co- 
hesion is  a force  counteracting  affinity,  and  as  in  the 
elastic  or  aeriform  fluids  it  is  subverted,  any  attraction 
existing  betw’een  these  bodies,  it  might  be  supposed,  would 
be  exerted  with  effect.  We  find  this,  however,  seldom  the 
case ; and  between  a number  of  elastic  fluids,  intimate  com- 
bination is  not  easily  established. 

This  is  to  be  ascribed  to  their  elasticity.  A substance 
in  the  aerial  form  consists  of  particles  placed  at  great  dis- 
tances, and  repelling  each  other.  When  two  airs,  there- 
fore, are  mingled  together,  their  particles  are  without  the 
sphere  of  chemical  attraction  ; their  mutual  affinity  is  feeb- 
ly exerted,  and  they  cannot  be  combined,  but  by  subject- 
ing them  to  circumstances  in  which  this  obstacle  is  less- 
ened or  removed. 

In  conformity  to  this  view,  it  is  found,  that,  in  vapours, 
the  facility  of  combination  is  greater  than  in  the  permanent 
airs  or  gases  ; there  is  a tendency  inthe  former  to  con- 
densation and  approximation  of  their  particles  ; they  arc 
on  the  verge  as  it  were  of  fluidity  ; hence  they  are  under 
circumstances  favourable  to  their  mutual  action.  When 
the  affinity  too  is  very  energetic  in  the  permanent  gases, 
it  is  capable  of  overcoming  the  obstacle  from  elasticity, 
and  of  uniting  their  particles,  as  in  the  example  of  the  acid 
gases  presented  to  ammonia.  And  even  in  those  airs, 
which,  when  mixed  together,  do  not  combine  intimately, 
a combination  may  be  effected,  if  pressure  be  applied  to  a 
sufficient  extent.  This  has  been  established  by  the  experi- 
ments of  Mr  Northmore,  in  which,  by  the  operation  oi 
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condensation,  various  elastic  fluids  were  combined  and 
by  an  experiment  of  Biot,  in  which,  by  the  same  operation 
quickly  applied  in  a condensing  syringe,  oxygen  and  hy- 
diogen  gases  are  made  to  combine,  with  the  sudden  extri- 
cation of  heat  and  light  f.  On  the  same  principle  rare- 
faction has  the  opposite  effect,  that  of  preventing  the  com- 
bination of  elastic  fluids.  This  appeared  to  be  established 
by  certain  experiments  by  Grotthus,  in  which  mixtures 
of  different  inflammable  elastic  fluids  with  oxygen  gas  en- 
tered less  readily  into  combination,  so  as  to  suffer  com- 
bustion when  rarefied,  either  by  the  abstraction  of  pressure 
or  by  heat,  than  when  in  a denser  state.  And  even  solid 
combustible  substances,  such  as  phosphorus,  burned  with 
difficulty  in  a rarefied  atmosphere,  and  with  increased 
facility  in  a dense  atmosphere  Sir  H.  Davy  confirmed 
these  results,  so  far  as  that  combustion  is  impeded  by  rare- 
faction from  abstraction  of  pressure;  but  he  finds  it  to  be 
the  reverse  with  regard  to  rarefaction  produced  by  heat ; 
and  he  infers,  that  the  diminished  effect  in  the  former  case 
is  to  be  ascribed  not  directly  to  the  state  of  rarity,  but  to 
this  not  admitting  of  the  evolution  of  sufficient  heat  to  sup- 
port combustion.  In  conformity  to  this  view  he  supposes 
that  condensation  of  a mixture  of  elastic  fluids  favours  their 
combination  merely  by  augmenting  the  temperature  §, 
This  subject  is  to  be  afterwards  considered,  in  consider- 
ing the  relation  of  temperature  to  combustion  : at  present 
it  is  sufficient  to  remark,  that  it  seems  almost  necessarily 
to  follow,  that  elasticity,  by  placing  the  particles  of  bodies 
at  greater  distances,  must  counteract  the  exertion  of  their 
mutual  attraction  ; and  it  is  difficult  to  conceive  of  heat 
favouring  combination  in  any  other  mode  than  by  modi- 
fying the  external  forces  of  elasticity  and  cohesion. 


* Nicholson’s  Journal,  vol.  xii.  and  xiii. 
t ibid.  vol.  xiii,  p.  213.  t Ibid.  vol.  xxxr. 
§ Philosophical  Transactions,  1817. 
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From  the  same  operation  of  elasticity  a combination  may 
be  more  easily  cft’ected  between  a liquid  and  an  air,  than 
between  two  airs,  since  its  absence  in  the  one  so  far  re- 
moves the  obstacle  to  the  exertion  of  their  mutual  attrac- 
tion. Hence,  too,  condensation  promotes  the  combina- 
tion of  elastic  fluids  with  liquids.  The  quantity  of  an 
aeriform  fluid  absorbed  by  water  or  any  other  liquid,  is 
greater,  if  strong  compression  is  applied,  than  if  it  is  not; 
and  by  a compression  sufficiently  powerful,  very  large  quan- 
tities of  airs,  which  otherwise  are  sparingly  absorbed  by 
the  liquid,  may  be  combined  with  it,  and  remain  com- 
bined as  long  as  the  compression  is  applied. 

By  a similar  operation  combinations  of  this  kind  are 
promoted  by  cold.  At  a low'  temperature,  more  of  the  air 
is  absorbed  by  the  watei'  than  at  a high  temperature,  be- 
cause by  the  cold  its  elasticity  is  repressed.  This,  how- 
ever, has  its  limits;  for  if  the  degree  of  cold  be  so  great  as 
to  increase  materially  the  cohesion  of  the  liquid,  this  may 
more  than  counterbalance  the  advantage  gained  by  the 
diminution  of  elasticity  in  the  air,  and  may  place  bounds 
to  the  combination  ; and  in  freezing  a liquid  which  has 
been  combined  with  an  air,  it  generally  happens,  from  this 
cause,  that  in  the  moment  of  freezing  the  air  is  expelled. 
Hence,  too,  heat  often  favours  the  combination  of  ah'riform 
fluids  with  solid  substances ; for  although  the  application 
of  heat  increases  the  elasticity  of  the  one,  and  so  far  is  un- 
favourable to  the  combination,  it  diminishes  the  cohesion 
of  the  other,  and  this  may  exceed  the  opposite  effect,  and 
enable  the  bodies  to  combine.  In  such  cases  it  generally 
happens,  that  by  raising  the  heat  higher,  the  combination 
is  subverted,  and  the  elastic  ingredient  expelled. 

From  these  facts  it  follow's,  that  elasticity  is  to  be  re- 
garded as  a force  opposed  to  the  exertion  of  chemical  at- 
traction. It  may  be  remarked,  however,  that  although  the 
elasticity  of  aerial  fluids  is  a cause  opposing  their  intimate 


OR  AFFINITY. 


101 


combination,  their  mutual  affinity  appears  in  general  tojae 
so  far  exerted,  that  when  they  are  mingled  it  counteracts 
their  specific  gravity,  and  prevents  them  from  separating 
irom  each  other.  T.  he  action  is  not  sufficiently  energetic 
to  overcome  the  elasticity  of  each,  and  hence  it  is  not  at- 
tended by  any  change  of  volume,  any  evolution  or  absorp- 
tion of  heat,  or  the  production  of  any  new  property,  but 
merely  retains  them  in  a state  of  uniform  diffusion.  If, 
however,  by  any  arrangement,  their  particles  are  farther 
approximated,  their  affinity  is  exerted  with  more  energy, 
and  an  intimate  combination  is  formed. 

We  have  still  to  consider  elasticity  as  it  favours  decom- 
position. 

If  a compound  consist  of  a solid  substance,  and  of  an- 
other, which,  when  uncombined,  acquires  elasticity,  or 
exists  in  the  aeriform  state,  it  will  be  more  easy  of  decom- 
position, either  by  the  application  of  heat,  or  by  the  inter- 
vention of  superior  affinity,  than  if  it  consisted  of  two  non- 
elastic bodies. 

If  it  be  exposed  to  heat,  it  will  be  unequally  acted  on  : 
the  elasticity  of  the  one  ingredient  will  be  favoured,  and 
this  to  a greater  extent  as  the  temperature  is  raised,  until 
at  length  it  is  able  to  counteract  the  affinity  between  the 
ingredients ; they  will  then  be  separated  from  each  other, 
and  the  greater  part  of  the  one  that  is  elastic  expelled.  A 
portion  may  indeed  be  retained,  from  the  affinity  of  the 
solid  being  increased,  by  the  increase  in  its  relative  quan- 
tity by  the  progress  of  the  decomposition  j but  this  will  be 
comparatively  small. 

The  same  cause  operates,  in  favouring  decomposition 
by  the  exertion  of  a superior  chemical  affinity.  If,  to  a 
compound  composed  of  an  aeriform,  and  a solid  or  liquid 
body,  a substance  be  added  which  has  an  attraction  to  the 
solid  ingredient,  it  combines  with  it,  and  excludes  a portion 
of  the  air  that  was  in  combination.  If  this  were  to  remain 
within  the  sphere  of  action,  it  would  oppose  a resistance 
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to  the  progress  of  the  decomposition,  by  the  attraction  it 
continued  to  exert  to  the  substance  with  which  it  had  been 
combined,  counteracting  that  of  tlie  decomposing  sub- 
stance. But  being  entirely  withdrawn  by  its  transition 
into  the  elastic  form,  this  ceases.  Hence  the  decompo- 
sition of  compounds  of  this  kind; — those  consisting  of  a 
solid  or  liquid  combined  with  an  air,  is  more  complete 
than  the  decomposition  of  compounds  consisting  of  inelas- 
tic ingredients.  Such  decompositions  also  are  much  fa- 
voured by  the  application  of  heat,  which,  increasing  the 
elasticity  of  the  volatile  substance,  favours  the  affinity  of 
the  more  fixed,  and  frequently  causes  it  to  predominate 
though  in  itself  weaker  than  the  affinity  of  the  elastic  in- 
gredient to  the  base  of  the  combination. 

VI.  Efflorescence. — The  effect  of  this  property  on 
chemical  action,  is  comparatively  trivial  and  limited. 
Scheele  had  observed,  that  in  several  saline  mixtures, 
made  into  the  consistence  of  a paste,  decompositions  were 
produced,  and  that  one  of  the  compounds,  resulting  from 
the  decomposition,  rose  gradually  through  the  mass,  and 
formed  an  efflorescence  on  its  surface.  Berthollet  sup- 
poses, apparently  with  reason,  that  its  being  thus  with- 
drawn from  the  sphere  of  action,  contributes  to  the  pro- 
gress of  the  decomposition,  or  allows  it  to  proceed  farther 
than  it  would  otherwise  do.  The  case  in  which  it  has  been 
principally  observed,  is  in  the  decomposition  of  sea-salt  by 
lime,  or  by  iron,  noticed  by  Scheele;  and  Berthollet  ap- 
plied the  observation  to  the  explanation  of  the  production 
of  mineral  alkali  or  soda,  in  the  beds  of  lakes  in  Egypt 
It  serves  to  explain  the  appearance  of  the  same  substance 
on  walls  covered  with  mortar,  and  perhaps  it  may  be  ap- 
plieil  with  advantage  in  practical  chemistry.  The  circum- 
stances which  appear  to  favour  it  are,  a porous  mass,  a 
certain  degree  ol  humidity,  and  a disposition  to  crystallize 
in  the  efflorescent  substance. 
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VII  T EMPEUATURE. — Temperature  denotes  the  state 
of  bodies  with  regard  to  heat  and  cold.  -Much  of  its  effect 
on  chemical  action  is  to  be  ascribed  to  its  influence  as 
connected  witli  the  changes  it  pi’oduces  on  the  cohesion, 
and  the  elasticity  of  bodies.  Its  effect,  however,  is  usually 
compounded  of  the  two,  or  arises  from  the  changes  produ- 
ced on  both  of  them  at  the  same  time.  On  this  account 
it  requires  a separate  statement ; and  this  also  is  demand- 
ed by  the  importance  of  the  subject. 

In  general,  heat  favours  combination.  Bodies,  which, 
at  a low  temperature,  do  not  act  on  each  other,  combine 
when  their  temperature  is  raised  ; and  with  regard  to  many 
substances,  it  requires  to  be  raised  to  considerable  inten- 
sity, to  effect  their  combination. 

When  they  are  melted  by  the  heat,  it  is  easy  to  perceive 
to  what  cause  its  influence  is  to  be  ascribed  ; it  overcomes 
the  cohesion  of  the  fused  substance,  and  thus  removes  an 
obstacle  to  the  exertion  of  affinity.  But  there  are  many 
cases  in  which,  without  fusing  bodies,  heat  favours  their 
combination  ; as  in  the  solutions  of  salts  in  water,  in  the 
mutual  action  of  earths,  the  combinations  of  metals  with 
oxygen,  and  many  others.  In  these,  it  is  still  to  be  regard- 
ed as  operating,  by  lessening  the  cohesion  of  the  solid  mat- 
ter. Every  degree  of  heat  communicated  to  a solid  sub- 
stance weakens  its  cohesion,  though  it  may  not  be  capable 
of  overcoming  it  to  that  extent,  as  to  cause  it  to  pass  into 
the  fluid  form ; and  this  diminution  of  cohesion  may  so  far 
remove  the  obstacle  to  combination,  that  if  a powerful  af- 
finity exist  between  the  bodies,  it  may  be  exerted  with  ef- 
fect. 

The  power  of  heat,  however,  in  thus  favouring  combi- 
nation, by  diminishing  cohesion,  is  frequently  counteract- 
ed by  its  increasing  elasticity.  If  an  elastic  fluid  is  to  be 
combined  with  a solid,  the  obstacles  to  the  exertion  of  their 
mutual  attraction  are  the  cohesion  of  the  one  and  the  elas- 
ticity of  the  other.  Heat  will  diminish  the  former,  but  it 
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will  also  augment  the  latter;  and  so  far  as  the  one  effect 
would  favour  combination,  the  other  opposes  it.  Hence,  if 
the  affinity  existing  between  these  substances  is  not  strong, 
it  may  not  be  possible  to  effect  their  combination  by  rais- 
ing their  temperature,  as  in  exposing,  for  example,  gold  or 
silver  to  oxygen  gas.  Or  if  at  one  degree  of  temperature 
they  have  combined  together,  the  exposing  the  compound 
to  a higher  temperature  may  separate  them,  as  is  the  case 
with  quicksilver  and  oxygen.  Hence  also,  if  the  cohesion 
is  lessened  by  other  means,  the  combination  may  be  effect- 
ed at  a moderate  temperature,  as  we  observe  in  the  facility 
with  which  metallic  alloys,  and  especially  alloys  of  the  me- 
tals with  quicksilver,  combine  with  oxygen,  compared  w'ith 
the  same  metals  in  their  pure  state. 

E\en  the  same  operation  may  influence  the  action  of 
inelastic  substances.  If  the  action  of  a fluid  on  a solid  be 
aided  by  heat,  the  whole  effect  arising  from  the  diminu- 
tion of  cohesion  in  the  solid  may  not  be  obtained,  as  it 
may  be  counteracted  from  the  expansion  produced  in  the 
fluid  j and  if  the  fluid  be  highly  expansible  or  volatile,  this 
may  weaken  considerably  the  energy  of  its  affinity. 

To  the  operation  of  heat  on  cohesion  and  elasticity, 
now  described,  are  to  be  attributed  the  differences  of  affi- 
nity  betw'een  the  same  substance,  when  exerted  in  the  hu- 
mid way  or  by  the  medium  of  solution,  and  in  the  dry  way 
or  by  exposure  to  heat.  In  the  former,  cohesion  is  coun- 
teracted, while  the  elasticity  of  any  of  the  ingredients  is 
not  affected  ; in  the  latter,  if  the  one  power  is  diminished, 
the  other  is  augmented,  and  this  is  frequently  sufficient  to 
change  the  results.  Bergman  pointed  out  this  operation 
of  heat  on  elasticity,  as  modifying  the  affinities  exerted 
under  these  different  circumstances  *. 

A high  le:ii|)c.aiure  is  equally  powerful  in  favouring 
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chemical  decomposition.  Many  substances  remain  in 
union  within  a considerable  range  of  temperature  •,  but  if 
heated  beyond  a certain  point,  their  mutual  attraction  is 
weakened,  they  separate,  and  the  compound  is  decom- 
posed. Such  decompositions  take  place  generally,  per- 
haps always,  in  those  compounds,  one  of  the  ingredients 
of  which  exists  when  uncombined  in  the  aeriform  state. 
Hence  the  operation  of  heat  in  occasioning  them  is  evi- 
dently owing  to  its  favouring  the  elasticity  of  this  ingre- 
dient, acting  on  it  with  greater  effect  than  on  the  other, 
and  by  the  distance  at  which  it  places  the  particles  over- 
coming attraction. 

In  some  cases  of  decomposition  favoured  by  heat,  the 
attraction  of  a third  body  is  introduced  ; but  the  explana- 
tion of  the  agency  of  the  high  temperature  is  still  the 
same.  By  adding  to  the  elasticity  of  the  more  volatile  in- 
gredient, it  weakens  its  affinity,  and  hence  favours  the 
combination  of  the  two  substances  which  are  more  fixed. 
On  the  same  principle,  heat  often  promotes  the  mutual 
decomposition  of  two  compounds  mixed  together,— favour- 
ing the  union  of  the  two  more  volatile  ingredients,  and 
' thus  allowing  an  attraction  to  be  exerted  with  less  resist- 
ance between  the  others. 

In  all  cases,  therefore,  in  which  heat  favours  chemical 
action,  it  does  so  by  the  change  it  occasions  in  the  cohe- 
sion or  in  the  elasticity  of  bodies  ; but  the  one  of  these 
frequently  modifies  the  effect  which  would  result  from  the 
other,  and  thus  this  power  often  apparently  produces  op- 
posite effects.  In  a certain  degree  it  may  favour  com- 
bination, and  in  a still  higher  degree  it  may  occasion  the 
separation  of  the  very  substances  it  had  enabled  to  com- 
bine ; and  it  is  only  by  considering  these  effects  in  their 
different  relations,  tfiat  wc  obtain  a just  theory  of  its  ope- 
ration. 

The  same  view  is  to  be  taken  of  the  operation  of  a low 
temperature  or  of  cold  on  chemical  action.  By  diminish- 
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ing  elasticity,  it  frequently  favours  combinations ; and  in 
other  cases,  by  increasing  cohesion,  it  may  counteract  this, 
or  may  subvert  existing  affinities,  and  give  rise  to  decom- 
positions. And  it  may  often  happen,  that  both  qualities 
may  be  affected,  and  produce  results,  which,  if  this  were 
not  attended  to,  w'ould  not  be  expected.  By  a low  tem- 
perature, we  may  thus  promote  the  combination  of  an 
aeriform  body  with  a liquid  ; but  if  we  reduce  the  tempe- 
rature too  low,  that  is,  near  to  the  point  at  which  tlie  li- 
quid congeals,  the  additional  force  given  to  cohesion  may 
counteract  the  effect  arising  from  the  diminution  of  elas- 
ticity, and  may  impede  the  combination.  Or  if  the  tem^ 
perature  be  reduced  so  low  as  to  freeze  the  fluid,  an  aeri- 
form body  held  in  solution  by  it  may  be  expelled,  owing 
to  the  cohesion  acquired  by  the  congelation. 

There  is  a peculiar  case  in  which  combination  is  pro- 
moted by  heat,  where  the  result  is  different  from  what 
would  be  expected ; — that  of  elastic  fluids  which  have  a 
mutual  attraction,  but  do  not  combine  at  a common  tem- 
perature. Two  airs,  having  such  an  attraction,  may  be 
mingled  together  without  entering  into  intimate  combina- 
tion, owing  to  the  repulsion  between  the  particles  of  each, 
so  that  they  are  placed  beyond  the  sphere  of  chemical  ac- 
tion. But  on  applying  a temperature  equal  to  ignition, 
as  by  introducing  an  ignited  spark,  or  an  electrical  dis- 
charge, the  particles,  in  some  cases  through  the  whole 
mixture,  are  instantly  united  ; in  other  cases,  a stream  of 
sparks  requires  to  be  kept  up,  but  in  these  also  the  combi- 
nation, though  proceeding  more  slowly,  is  complete.  Yet, 
in  conformity  to  the  cause  assigned  for  their  not  com- 
bining, it  apparently  follows,  that  the  application  of  heat, 
by  increasing  the  elasticity,  and  augmenting  the  distan- 
ces between  the  particles,  must  counteract  instead  of  faci- 
litating the  combination.  How  therefore  is  the  fact  to  be 
reconciled  with  the  theory  ? 

I have  given  the  following  explanation  of  this  singular 
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circumstance.  When  a spark  is  introduced  into  the  mixture 
of  two  gases  having  an  attraction  to  each  other,  the  point 
on  which  it  falls  is  heated  to  an  intense  degree;  whence  an 
expansion,  proceeding  from  that  point  as  from  a centre,  is 
produced ; and  this  expansion,  by  the  pressure  it  must  oc- 
casion on  the  surrounding  particles,  will  cause  them  to  ap- 
proximate, and  thus  to  unite.  The  whole  effect  is  instan- 
taneous, and  it  is  upon  the  sudden  operation  that  it  de- 
pends. Were  the  heat  to  be  progressively  raised,  the 
expansion  would  be  extended  over  the  whole  mass,  and 
would  be  equal  throughout  j the  particles,  therefore, 
if  proportional  pressure  were  not  applied,  would  be  far- 
ther separated.  But  a small  portion  being  merely  heat- 
ed to  a high  degree,  while  the  surrounding  particles  re- 
main at  their  usual  temperature,  the  expansion  from  the 
former  must  press  upon  the  latter,  much  more  quickly 
than  the  temperature  can  be  communicated  : hence  the 
approximation  within  the  verge  of  chemical  attraction, 
and  the  union  that  takes  place.  When  it  is  effected,  more 
caloric  is  rapidl}’-,  but  successively,  extricated  by  the  com- 
bination itself,  which  will  produce  a similar  effect  on  the 
remaining  mass,  till  the  combination  is  completed.  There 
are  some  gases,  however,  from  the  union  of  which  so  lit- 
tle heat  is  extricated,  that  the  introduction  of  a sino-le 
spark  is  insufficient,  and  therefore  a stream  of  sparks  must 
be  kept  up. 

The  same  explanation  has  been  given  by  Berthollet  *. 
It  is  confirmed  by  the  experiment  by  Biot,  already  refer- 
red to,  that  of  producing,  by  mechanical  compression 
suddenly  applied,  the  combination  of  two  airial  bodies 
which  at  moderate  temperatures  do  not  otherwise  com- 
bine, the  combination  being  accompanied  with  phenome- 
na similar  to  those  which  appear  when  they  are  united  by 


• Chemical  Statics,  rol.  i,  p.  232. 
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an  ignited  spark.  It  has  been  called  in  question  by  Sir 
H.  Davy,  who  considers  the  effect  as  depending  directly 
on  the  increased  temperature  produced  by  the  spark,  and 
not  on  compression, — and  in  conformity  to  this,  as  has 
been  already  remarked,  (page  99.)  he  considers  the  heat 
produced  by  the  compression  of  gases  as  the  direct  cause 
of  their  combination.  But  the  difficulty  remains,  how 
heat  should  favour  combination,  except  in  so  far  as  it  af- 
fects the  state  of  cohesion  or  elasticity,  or  produces  ap- 
proximation of  the  particles  of  an  elastic  fluid  by  local 
compression  : no  other  obvious  operation  arising  from  it 
can  be  assigned. 

The  circumstances  now  enumerated,  not  only  influence 
the  exertion  of  chemical  attraction  as  to  its  force,  but  also 
as  to  its  rapidity.  Where  the  cohesion  of  a body  is  great, 
it  will  be  more  slowly  acted  on  by  a fluid  than  if  the  co- 
hesion were  less  considerable  : hence  the  utility  of  those 
operations  which  diminish  aggregation,  in  promoting  che- 
mical action.  It  is  obvdous,  also,  that  chemical  action 
must  be  slower  when  resulting  from  a weak  than  when 
arising  from  an  energetic  attraction  ; and,  for  the  same 
reason,  as  the  force  of  attraction  diminishes  as  bodies  ap- 
proach to  saturation,  a chemical  action,  which  at  its  com- 
mencement may  be  rapid,  must  in  its  progress  become 
more  slow.  Agitation  hastens  the  chemical  action  of  a 
solid  or  a liquid,  by  removing  from  the  surface  of  the  so- 
lid the  portion  of  liquid  already  saturated  with  it,  and 
which,  frdm  its  greater  specific  gravity,  would  otherwise 
remain  covering  it,  and  protecting  it  from  the  action  of 
the  rest  of  the  liquid.  And,  on  a similar  principle,  agi- 
tation accelerates  the  combination  of  an  aeriform  body  with 
a liquid,  renewing  the  surface,  and  distributing  with  uni- 
formity the  combination  over  the  whole  mass.  Lastly,  a 
high  temperature  renders  chemical  action  more  rapid,  by 
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diminishing  or  removing  those  circumstances  by  which  af- 
finity is  counteracted. 

It  is  often  necessary  to  attend  to  the  slowness  of  che- 
mical action  to  avoid  erroneous  conclusions ; substances 
which,  when  mixed  together,  give  no  indication  of  mutual 
action,  acting  and  producing  even  complete  changes  when 
sufficient  time  is  allowed. 

An  important  corollary  flows  from  the  consideration  of 
the  influence  of  the  preceding  circumstances  on  the  exer-. 
tion  of  chemical  attraction, — that  in  no  case  can  it  be  af- 
firmed, that  bodies  have  no  attraction  to  each  other.  There 
are  substances  which  we  cannot  combine  together,  as  oil 
and  water,  water  and  quicksilver,  &c. ; and  from  such 
facts,  it  was  regarded  as  a law,  that  between  some  bodies 
no  chemical  attraction  exists.  The  fallacy  of  this  con- 
clusion is  obvious  from  the  consideration,  that  combina- 
tion is  not  the  simple  result  of  the  exertion  of  attraction 
but  of  attraction  prevailing  over  cohesion,  elasticity,  or 
difference  of  specific  gravity  ; and  therefore  it  may  be 
incapable  of  being  effected,  as  much  from  the  predo- 
minance of  these  forces,  as  from  the  absence  of  recipro- 
cal attraction.  Ardent  spirit  dissolves  no  sensible  por- 
tion of  sea  salt ; but  this  may  arise  from  the  affinity  which 
the  spirit  does  exert  to  the  salt,  not  being  sufficiently 
strong  to  overcome  its  cohesion  and  specific  gravity ; and 
we  cannot  employ  heat  to  lessen  these  opposing  qualities 
with  eflTect,  because  the  spirit  is  so  expansible,  and  so  much 
disposed  to  volatility,  that  as  much  power  would  be  lost 
on  the  one  hand,  as  would  be  gained  on  the  other.  A 
similar  explanation  applies  where  two  liquids  cannot  be 
combined  together ; for  although  in  bodies  in  this  state 
cohesion  is  weakened,  it  still  exists,  and  may  be  sufficient 
to  counteract  a weak  affinity.  Thus  it  in  some  cases 
places  limits  to  combination,  as  in  the  example  of  sul- 
phuric ether  and  water,  the  former  of  which  combines 
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with  the  latter  only  in  the  proportion  of  one-tenth ; and 
it  may  in  other  cases,  where  the  affinity  is  still  weaker,  as 
is  probably  the  case  in  that  of  oil  and  water,  be  able,  with 
the  difference  of  specific  gravity,  to  resist  attraction,  and 
prevent  any  combination.  In  the  case  of  a solid  and  aeri- 
form substance,  the  obstacles  to  combination  are  still  more 
powerful,  being  the  cohesion  of  the  one,  and  the  elasticity 
of  the  other,  and  the  circumstance  which  w ill  diminish  the 
former,  that  is,  a high  temperature,  will  augment  the  latter. 
Hence  we  may  expect  in  this  kind  of  relation  more  fre- 
quent examples  of  substances  refusing  to  combine,  but  evi- 
dently without  the  conclusion  following,  that  these  substan- 
ces have  no  mutual  attraction.  Lastly,  In  elastic  fluids,  the 
elasticity  may  frequently  counteract  a weak  affinity,  even 
under  the  circumstances  by  which  their  mutual  action  is 
promoted. 

If  this  reasoning  required  any  illustration,  it  might  re- 
ceive it,  from  taking  examples  of  substances  which  are 
combined  with  difficulty,  and  supposing  either  their  affi- 
nity to  have  been  a little  weaker  than  it  is,  or  the  coun- 
teracting circumstances  somewhat  more  powerful.  Thus 
gold  is  combined  with  difficulty  with  oxygen,  and  only 

in  indirect  modes.  It  is  obvious,  that  if  the  affinitv  be- 

•/ 

tween  them  had  been  a little  weaker,  or  the  cohesion  of 
the  gold  rather  greater  than  it  is,  even  these  would  have 
failed  : and  the  erroneous  conclusion  might  have  been 
drawn,  that  these  sulistances  had  no  mutual  attraction. 

It  is  difficult  to  conceive  of  attraction  than  as  a force 
possessed  by  every  particle  of  matter  and  exerted  to  every 
other ; and  the  theory  is  evidently  superior,  which  supposes 
its  exertion  to  be  prevented  from  being  effective,  by  the 
interference  of  extraneous  forces,  to  that  which  supposes, 
that  between  certain  substances  it  is  wanting,  especially 
since  in  all  cases  the  action  of  such  forces  can  be  demon- 
strated to  a certain  extent,  which  may  be  sufficient  to  ac- 
count for  the  results. 
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From  the  conclusion,  that  all  bodies  have  probably  mu- 
tual affinities,  combined  with  the  consideration  of  the  im- 
portant influence  of  cohesion,  elasticity,  and  other  cir- 
cumstances, on  the  exertion  of  chemical  attraction,  ano- 
ther inference  follows  as  extremely  probable, — that  the 
affinities  exerted  by  compounds  may  be  the  affinities  of 
their  constituent  principles,  modified  by  the  conditions  un- 
der which  they  exist  in  the  combination.  The  affinities  of  a 
compound  are  generally  indeed  totally  dissimilar  to  those 
of  its  elements  : it  combines  with  substances  to  which  they 
shew  no  attraction,  and  it  refuses  to  unite  with  others 
with  which  they  form  intimate  combinations  : the  differ- 
ence indeed  is  so  great,  that  it  must  have  been  difficult 
to  conceive  how  they  could  arise  from  any  modification 
of  the  elementary  affinities.  The  notion,  therefore,  was 
adopted,-  that  when  two  substances  combine  together, 
they  form  by  their  union  the  integrant  particle  of  the 
compound  : — that  the  attractiorts  it  exerts  to  other  bodies 

I 

are  exerted  not  from  its  ultimate  elements,  but  from  these 
integrant  particles,  and  arise  rather  from  their  magnitude, 
configuration,  or  other  qualities,  than  from  any  modifica- 
tion of  their  elementary  parts  : — that  when  water,  for  ex- 
ample, exerts  attractions,  these  are  from  the  particles  of 
the  water  as  such,  and  not  from  the  ingredients  of  which 
it  is  composed.  It  has  also  been  supposed,  that  between 
these  integrant  particles  of  a compound,  the  cohesive  at- 
traction is  exerted  which  gives  it  its  peculiar  form.  This, 
however,  is  rather  an  hypothesis,  by  which  the  cliemical 
actions  exerted  by  a compound  as  such,  are  represented 
with  more  facility.  From  the  consideration  of  the  im- 
portant influence  of  saturation,  cohesion,  and  other  cir- 
cumstances on  affinity,  the  opinion  may  be  maintained, 
that  the  atU’actions  of  compounds  arc  the  modified  attrac- 
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lions  of  their  constituent  principles ; and  Berthollet  has 
shewn,  with  much  ingenuity,  how  the  circumstances  known 
to  exist  in  combinations  may,  from  their  acknowledged 
influence  on  chemical  affinity,  account  for  the  differences 
between  the  attractions  of  compounds  and  those  of  their 
elements. 

ihus,  from  the  affinity  which  one  of  the  elements  of  a 
compound  exerts  to  the  other,  the  affinities  of  either  to 
other  substances  must  be  so  far  counteracted,  and  hence 
the  cause  of  what  is  generally  the  case,  that  the  attrac- 
tions exerted  by  a compound  are  less  numerous  and  less 
powerful  than  those  of  its  constituent  parts,  and  that  the 
ultimate  products  of  successive  combinations  are  usually 
substances  having  little  energy  of  chemical  action.  But 
this  is  modified  by  other  circumstances  attending  the  com- 
bination, which  may  either  concur  with  it,  and  still  far- 
ther diminish  their  force,  or  which  may  counteract  it,  and 
render  them  more  energetic. 

The  action,  for  example,  of  a substance,  depends  not  on- 
ly on  the  energy  of  its  affinity,  but  also  on  the  quantity  of 
it  within  the  sphere  of  action.  If  an  aeriform  body,  there- 
fore, is  condensed  in  a combination  so  as  to  exist  in  the 
liquid  state,  it  derives  from  the  combination  the  advan- 
tages of  acting  in  a larger  mass,  and  of  the  removal  also  of 
the  obstacle  of  elasticity,  circumstances  which  may  render 
its  affinities  both  more  power! ul  and  more  extensive  in  their 
action.  It  is  true,  that  this  is  counteracted  by  the  di- 
minution in  the  strength  of  its  affinity,  from  the  saturation 
under  which  it  exists  in  the  combination ; but  still  this 
may  not  be  equal,  or  may  be  even  inferior  to  the  augmen- 
tation of  energy  acquired  by  the  condensation.  Potash, 
by  any  attraction  which  it  may  exert  to  oxygen,  or  to  ni- 
trogen, may  be  unable  to  overcome  their  elasticity  ; but 
when  they  are  condensed  in  a combined  state  in  nitric  acid, 
it  unites  with  them,  in  other  words,  with  this  acid,  with 
rapidity.  P o this  perhaps  is  to  be  ascribed  tiic  general 
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energy  in  the  action  of  acids ; probably  also,  the  almost 
universal  agency  of  water. 

In  like  manner,  if  a substance  by  combination  pass  from 
the  solid  to  the  liquid  state,  it  acquires  the  advantages  in 
facility  of  action  from  liquidity ; and  its  affinities,  formerly 
counteracted  by  its  cohesion,  may  now,  notwithstanding 
its  combination,  be  exerted  with  more  effect.  Sulphur,  at 
a common  temperature,  does  not  combine  with  oxygen 
gas,  but  when  united  with  potash,  so  as  to  be  soluble  in 
water,  the  solution  condenses  oxygen  easily,  which  may  be 
ascribed  principally  to  the  fluidity  of  the  sulphur  at  this 
temperature,  aided  by  the  affinity  exerted  by  the  potash  to 
the  oxygen. 

On  the  other  hand,  if  the  result  of  a combination  is  the 
transition  of  a substance  into  the  solid  state,  the  cohesion 
acquired  may  add  to  the  diminution  in  the  strength  of  its 
affinities  from  saturation.  Potash  and  nitric  acid  are  se- 
parately soluble  in  alkohol,  but  the  compound  they  form, 
nitrate  of  potash,  is  insoluble ; owing,  according  to  this 
view,  partly  to  its  cohesion,  and  partly  to  the  diminution 
in  the  force  of  the  affinities  of  its  elements,  by  their  mu- 
tual saturation.  It  is  still  soluble  however  in  water,  as  its 
constituent  principles  are  more  soluble  in  that  fluid  than 
in  alkohol.  The  transition  to  the  elastic  form,  by  combi- 
nation, may,  in  like  manner,  concur  with  the  effect  of  sa- 
turation, in  diminishing  the  energy  of  action  of  the  body 
suffering  this  change. 

We  thus  perceive  how,  supposing  the  affinities  of  sub- 
stances to  remain  in  their  combinations,  they  may  be  so 
fai  modified,  as  to  be  different  from  what  they  were  in  their 
insulated  state;  and  we  perceive,  therefore,  that  the  affini- 
ties of  compounds  may  be  the  modified  affinities  of  their 
constituent  elements.  Admitting  this,  however,  these  mo- 
dified affinities  should  be  regarded  as  a single  and  integral 
force,  operating  as  such,  while  the  body  remains  undecom- 
posed; and  we  may  speak  with  equal  propriety  of  the  at- 
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tractions  of  a compound,  as  of  the  attractions  of  a simple 
substance.  We  thus,  too,  avoid  any  ambiguity  which  may 
arise  from  the  application  of  the  theory  to  the  explanation 
of  chemical  phenomena,  should  it  even  be  not  fully  esta- 
blished. And  that  there  does  exist  even  a real  distinction 
with  regard  to  this,  is  apparent  from  the  fact,  that  there 
are  combinations  of  a compound  body  to  an  additional 
portion  of  one  of  its  ingredients,  which  appear  to  be  dif- 
ferent in  some  respects,  particularly  in  energy  and  per- 
manence, from  the  kind  of  combination  that  would  be  form- 
ed by  the  direct  union  of  the  elements  of  the  compound  in 
a different  proportion. 

The  affinities  exerted  by  a compound,  thus  arising  from 
the  modified  affinities  of  its  constituent  principles,  were 
named  by  Berthollet  Resulting,  in  opposition  to  the  in- 
dividual affinities  belonging  to  these  principles,  which  he 
names  Elementary.  Water  being  a compound  body,  the 
affinities  it  exerts  as  such  may  be  named  resulting,  though 
the  elementary  affinities  of  its  elements  may  also  be  some- 
times exerted.  As  chemical  action  is  reci})rocal,  Bcrthol- 
let  gives  likewise  the  name  of  resulting  affinity  to  the  at- 
traction which  a simple  substance  exerts  to  a compound, 
when  it  does  not  change  the  composition  of  the  compound. 
Thus  a substance  exerting  an  attraction  to  one  of  the 
principles  of  water,  exerts  an  elementary  affinity  ; when  it 
exerts  attractions  to  both,  in  other  words  to  the  water 
itself,  tlie  affinity  is  resulting. 

The  following  general  principles  are  connected  with  this 
theory  of  Resulting  Affinity.  If  the  attraction  of  a suit- 
stance  to  one  of  the  principles  of  a compound  be  much 
superior  to  its  attraction  to  the  other,  an  elementary  affi- 
nity will  be  called  into  action,  and  the  compound  will  be 
decomposed.  If  the  attraction  exerted  be  nearly  equal  to 
each,  a resulting  affinity  will  be  established,  and  the  sub- 
stance exerting  it  will  combine  with  the  compound  ; and 
this  will  even  happen  where  there  is  an  inequality,  if  it  ia 
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not  very  great,  as  the  affinity  exerted  by  the  one  of  tliese 
principles  to  the  other  is  a force  the  effect  of  wliich  is  to 
maintain  the  combination,  to  counteract  therefore  the  ele- 
mentary, and  favour  the  resulting  affinity.  Lastly,  when 
an  elementary  affinity  is  exerted  at  first,  as  it  must  become 
weaker  in  the  approach  to  saturation,  it  will  at  length  not 
exceed  in  force  the  affinity  exerted  to  the  other  principle 
of  the  compound,  an  equilibrium  will  be  established,  and 
the  action  will  terminate  in  the  exertion  of  a resulting  affi- 
nity. The  application  of  these  principles  affords  some  hap- 
py explanations  of  more  minute  chemical  phenomena,  of 
which  a few  examples  are  given  in  the  note  beneath  *. 

An  important  application  of  this  doctrine  is  to  be  found 
in  the  explanation  it  affords  of  certain  anomalous  cases  of 


* Water,  in  dissolving  a neutral  salt,  acts  by  a resulting  ^affi- 
nity, or  by  the  astractions  it  exerts  to  the  principles  of  the 
salt,  modified  by  the  attractions  they  exert  to  each  other.  But 
if  its  attraction  to  one  of  these  principles  be  much  superior  to 
what  it  is  to  the  other,  especially  where  the  affinity  between 
them  is  not  very  strong,  the  affinity  it  exerts  is  elementary,  and 
the  salt  is  decomposed.  This  is  exemplified  in  a number  of 
the  metallic  salts,  in  which  water  abstracts  their  acid. 

Sulphuric  acid  is  a compound  of  oxygen  and  sulphur,  and,  in 
combining  with  potash,  is  supposed  to  act  by  an  affinity  which 
results  from  the  affinities  of  these  elements.  The  reciprocal 
action  of  potash  is  also  composed  of  its  affinities  to  the  prin- 
ciples which  constitute  sulphuric  acid.  Both  therefore  are  re- 
sulting ; and  when  exerted,  they  effect  the  combination  of  the 
acid  and  potash.  But  the  elementary  affinities  of  sulphuric  acid 
may  also  be  exerted.  Thus,  when  heated  on  a metal,  the  me- 
tal does  not  exert  an  attraction  to  the  entire  acid,  but  to  its 
oxygen.  This  is  therefore  an  elementary  affinity  ; but  in  the 
progress  of  the  action,  the  attraction  of  the  metal  to  an  addi- 
tional portion  of  oxygen  becoming  nearly  equal  to  its  attrac- 
tion to  sulphqr,  at  least  when  that  attraction  is  aided  by  the 
attraction  of  the  oxygen  to  sulphur,  it  exerts  an  affinity  to 
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chemical  action,  which  have  been  classed  together,  under 
the  name  of  Disposing  Affinity.  These  are  of  a very  pe- 
culiar kind.  In  a number  of  cases,  two  bodies  are  found 
incapable  of  combining  j but  the  circumstances  still  re- 
maining the  same,  their  combination  is  effected  by  the  ad- 
dition of  a third  body,  though  it  has  no  apparent  attrac- 
tion to  either  of  the  others ; or  at  least  none  which,  by 
any  obvious  operation,  can  facilitate  their  union.  It  has 
been  observed,  indeed,  that  the  substance  which  thus  pre- 
disposes to  the  combination,  has  an  attraction  to*the  com- 
pound formed  by  the  combination  of  the  others,  and  to  this 
attraction  its  agency  has  been  ascribed, — an  opinion  which 
appears  very  absurd,  since  the  attraction  which  it  might 
exert  to  a substance  if  it  were  formed,  cannot  be  a cause 
of  the  formation  of  that  substance.  If,  however,  the  affi- 
nities of  a compound  are  the  modified  affinities  of  its  ele- 
ments, it  may  receive  an  explanation. 

Water,  for  example,  is  a compound  of  oxygen  and  hy- 


the  entire  acid,  with  which  therefore  the  oxidated  metal  now 
combines.  In  this  case,  the  elementary  pass  into  resulting  af- 
finities. This,  in  conformity  to  these  principles,  affords  a re- 
fined view  of  the  theory  of  the  action  of  acids  on  metals.  Me- 
tals may  be  conceived  to  have  an  attraction  both  to  the  oxygen 
of  an  acid  and  to  its  base,  but  stronger  to  the  former  than  to 
the  latter.  When  submitted  therefore  to  the  action  of  an 
acid,  the  metal  first  attracts  a portion  of  oxygen,  but  its  affi- 
nity to  this  principle  diminishing  as  it  approaches  to  satura- 
tion, comes  at  length  not  to  be  greater  than  its  attraction  to 
the  base  of  the  acid,  and  then  the  entire  acid  enters  into  the 
combination.  Hence  the  law  observed,  in  metallic  solutions, 
that  a metal  must  be  oxidated  before  it  combines  with  an  acid. 
If  its  affinity  to  oxygen  is  too  weak  to  decompose  the  acid,  be- 
ing still  weaker  to  the  base,  it  cannot  exert  a resulting  affini- 
ty ; but  if  previously  oxidated,  this  bringing  its  affinity  to  the 
base  to  an  equality  with  the  affinity  it  has  to  oxygen,  it  com- 
bines with  the  entire  acid. 
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drogen.  Iron  has  an  affinity  to  oxygen,  but  not  suffi- 
ciently strong  to  decompose  water  with  celerity  at  a com- 
mon temperature.  But  if  a little  sulphuric  acid  be  add- 
ed, the  decomposition  of  the  water  by  the  iron  commen- 
ces, and  proceeds  rapidly,  the  iron  receives  oxygen,  form- 
ing oxide  of  iron,  and  the  compound  thus  formed  com- 
bines  with  the  acid.  In  this  case  the  acid  is  said  to  ope- 
rate by  a disposing  affinity.  Now,  the  rationale  of  this, 
according  to  the  preceding  principles,  may  be  pointed  out. 
If  the  gjffinity  which  sulphuric  acid  exerts  to  oxide  of  iron 
be  the  modified  affinities  of  it  to  the  two  elements,  iron  and 
oxygen,  these  may  be  exerted  by  the  acid  to  these  ele- 
ments previous  to  their  combination,  and  concurring  with 
the  affinity  which  they  mutually  exert,  may  produce  a 
union  of  forces,  whence  their  combination  is  established, 
and  by  which  of  course  the  water  is  decomposed.  Again, 
sulphur  does  not  combine  with  oxygen  at  natural  temper- 
atures, but  if  it  be  united  with  lime,  the  compound,  when 
dissolved  in  water,  absorbs  oxygen  with  rapidity.  The 
lime  therefore  in  this  case  is  said  to  exert  a disposing  affi- 
nity, and  the  effect,  according  to  the  explanation  once 
given,  depends  on  its  attraction  to  the  sulphuric  acid,  the 
compound  produced  by  the  union  of  the  sulphur  with 
oxygen.  This  appeared  absurd.  But  if  the  affinity  of  sul- 
phuric acid  to  lime  be  the  modified  affinities  of  its  ele- 
ments, these  may  be  exerted  even  in  their  elementary 
state,  and  aid  so  far  the  affinities  which  these  elements  ex- 
ert to  each  other,  as  to  effect  the  union  of  the  sulphur, 
oxygen,  and  lime.  All  the  cases  of  disposing  affinity  are 
probably  thus  examples  of  the  concurrence  of  affinities 
which  singly  are  not  effective,  and  frequently  even  not  ap^ 
parent. 
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Sect.  IV. — Of  the  Lmits  to  the  Exertion  of  Chemical 

Attraction. 

Chemical  Attraction  obeys  certain  limits;  first,  vvitli 
regard  to  the  different  proportions  or  relative  quantities 
in  which  it  causes  bodies  to  combine ; and,  secondly,  with 
regard  to  the  number  of  substances  between  which  it  may 
be  exerted,  so  as  to  bring  them  into  simultaneous  combi- 
nation. These  form  two  subjects  distinct  from  each  other, 
but  both  comprised  under  the  title  of  the  present  section. 

I.  Of  the  limits  to  attraction  with  regard  to  the  rela- 
tive quantities  in  which  bodies  may  be  combined. 

The  facts  on  this  subject  I have  arranged  under  the  fol- 
lowing general  propositions. 

\st.  There  are  cases  in  which  there  is  no  limitation 
with  regard  to  proportions, — two  bodies  combining  toge- 
ther with  equal  facility  in  whatever  relative  quantity  the 
one  may  be  present  to  the  other.  This  occurs  chiefly  in 
the  combination  of  bodies  in  the  liquid  form,  and  where 
the  compound  remains  liquid : the  combination  of  pure 
aident  spirit,  or  alcohol,  with  W'ater,  or  of  sulphuric  acid 
or  nitric  acid  with  water,  affords  an  example  of  it.  And 
that  a real  combination  takes  place  in  every  proportion, 
is  pio\ed  by  the  facts,  that  the  two  bodies,  though  of  dif- 
ferent specific  gravities,  do  not  separate  from  each  other, 
and  in  all  proportions  the  compound  formed  has  a speci- 
fic gravity  different  from  the  mean  specific  gravities  of  the 
bodies  combined.  The  same  result  is  observed  in  the 
combination  of  some  solids,  particularly  of  a number  of 
the  metals  with  each  other. 

2^/,  There  is  a variety  of  combination  exemplified  by 
a number  of  bodies,  in  which  it  is  unlimited  to  a certain 
proportion,  but  at  this  it  ceases,  and  no  farther  quantity 
of  one  of  the  bodies  can  be  combined  with  the  other. 
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This  is  illustrated  in  the  solution  of  a salt  in  water.  Any 
quantity  of  the  salt,  up  to  a certain  quantity  of  it,  may  be 
combined  with  the  water  with  equal  facility  j but  after  a 
certain  portion  is  added,  the  combination  ceases  to  pro- 
ceed, the  mutual  attraction  is  no  longer  exerted  with  ef- 
fect, and  if  any  more  salt  be  added  it  remains  undissol- 
ved. The  limitation  to  the  combination  in  this  case  is 
named  Saturation,  and  when  the  water  has  dissolved  the 
largest  quantity  of  the  salt  which  it  can  dissolve,  it  is  said 
to  be  saturated  with  it. 

3^7,  Combination  is  in  some  cases  so  strictly  limited,  that 
it  takes  place  only  in  one  proportion : in  whatever  other  re- 
lative quantities  two  bodies  may  be  presented  to  each 
other,  they  unite  in  this  precise  proportion,  and  any  excess 
cither  of  the  one  or  of  the  other  remains  uncombined. 
Water  affords  an  example  of  a combination  of  this  kind  ; 
its  constituent  elements  are  combined  in  a proportion  per- 
fectly determinate,  that  of  87.5  by  weight  of  the  one,  to 
12.5  of  the  other,  and  they  can  be  united  in  no  other 
proportion  than  this. 

Lastlj’^,  Attraction  is  exerted  between  many  bodies  in 
such  a manner  that  they  may  be  combined  in  two,  three, 
or  four  different  proportions,  but  each  of  these  is  perfect- 
ly determinate,  and  they  are  capable  of  combining  in  no 
proportions  different  from  these.  Sulphur  and  oxygen 
combine  in  the  proportion  of  50  of  the  one  to  50  of  the 
other  : they  also  combine  in  the  proportion  of  40  of  sul- 
phur and  60  of  oxygen.  But  they  cannot  be  combined 
in  any  other  proportions  ; and  if  presented  to  each  other 
in  different  quantities,  and  placed  under  the  circum- 
stances which  are  favourable  to  the  exertion  of  chemical 
attraction,  they  always  unite  in  one  or  other  of  these  pro- 
portions. There  are  many  similar  examples.  It  is  chief- 
ly where  attraction  is  exerted  between  bodies  with  much 
strength,  that  combinations  in  definite  proportions  are 
established,  and  that  the  peculiar  laws  regulating  these 
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are  observed.  Where  weaker  attractions  operate,  com- 
bination is  either  unlimited  with  regard  to  proportions, 
the  difference  at  any  particular  proportion  being  so  in- 
considerable as  not  to  insulate  the  combination  at  this ; 
or  if  limited,  the  limits  arise  from  the  operation  of  exter- 
nal forces. 

The  compounds  formed  by  these  combinations  of  the 
^ame  principles  in  different  proportions,  differ  always  in 
their  properties  from  each  other,  and  frequently  the  dif- 
ferences are  as  great  as  between  compounds  formed  of 
principles  altogether  dissimilar.  Nearly  all  the  varieties 
of  properties  among  the  substances  belonging  to  the  ve- 
getable and  to  the  animal  kingdom  are  owing  to  this 
cause.  They  consist  of  the  same  elements  ; some  diver- 
sity may  arise  from  the  mode  of  combination,  but  more 
is  to  be  ascribed  to  the  very  different  proportions  in  which 
they  are  combined. 

AVhen  combination  takes  place  in  these  determinate 
proportions,  it  often  happens  that  in  one  proportion  the 
properties  of  the  bodies  combined  are  mutually  neutraliz- 
ed 5 that  IS,  the  compound  retains  the  more  distinctive 
properties  of  neither  of  its  component  parts,  while  in 
other  proportions  the  properties  of  the  one  which  is  in 
excess  may  be  recognised,  weakened  perhaps,  but  still 
existing  to  a certain  extent.  The  particular  stage  of  the 
combination  at  which  this  happens  is  termed  the  point  of 
Neutralization,  or  sometimes  the  point  of  Saturation.  This 
term  of  saturation,  however,  is  more  frequently  applied, 
as  has  been  stated  above,  to  denote  the  extreme  of  com- 
bination, or  the  state  in  which  a body  retains  the  largest 
quantity  of  another  body  with  which  it  can  combine ; and 
these  two  states  do  not  always  coincide,  but  are  often  the 
level se.  It  is  proper  therefore  to  distinguish  them.  In 
many  combinations,  this  result  with  regard  to  neutraliza- 
tion, as  opposed  to  any  different  result,  does  not  occur ; 
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the  properties  of  the  substances  combining  are  equally 
lost  in  all  the  proportions  in  which  they  unite. 

When  combination  is  established  between  two  bodies  ap- 
parently in  different  proportions,  it  has  been  supposed,  in 
some  cases  at  least,  that  one  combination  of  them  only 
exists,  but  that  the  compound  thus  formed  unites  with  an 
additional  proportion  of  either  of  the  constituent  elements. 
An  acid  and  an  alkaline  base,  for  example,  may  combine 
in  one  specific  proportion  in  which  they  are  mutually 
neutralized,  and  they  may  also  form  a compound  in  which 
there  is  an  excess  either  of  the  one  ingredient  or  of  the 
other.  But  instead  of  supposing,  that  in  this  the  whole 
quantities  are  in  direct  combination,  it  is  supposed  that 
the  requisite  proportions  are  combined  to  form  the  neu- 
tral compound,  and  that  to  this  the  additional  proportion 
of  either  is  added.  In  some  cases  of  loose  combination 
this  appears  to  be  the  case,  but  there  appears  to  be  no 
foundation  for  the  assumption  with  regard  to  more  inti- 
mate combinations. 

When  attraction  is  exerted  between  two  bodies  in  differ- 
ent proportions,  it  is  with  different  degrees  of  strength  in 
each ; so  that  taking  one  body  in  a certain  fixed  quantity, 
and  considering  the  other  as  united  with  it  in  different 
proportions,  the  latter,  in  the  first  or  smallest  proportion 
in  which  it  is  combined  with  the  other,  is  retained  with 
more  force  in  opposition  to  any  decomposing  agency  tend- 
ing to  abstract  it,  than  it  is  in  the  second  proportion,  and 
in  the  second  is  retained  with  more  force  than  in  the 
third.  This  general  fact,  which  has  been  expressed  by 
saying,  that  attraction  is  in  the  inverse  ratio  to  satura^ 
tion,  has  been  already  illustrated,  as  falling  under  the 
law  with  regard  to  the  influence  of  quantity  on  chemi- 
cal affinity.  The  combinations  of  oxygen  and  nitrogen 
afford  an  example  of  it.  Considering  the  nitrogen  as  the 
fixed  substance,  the  compound  most  easily  decomposed 
by  any  force  abstracting  the  oxygen,  is  that  in  w-hich 
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the  proportion  of  the  latter  is  largest ; and  its  decompo- 
sition is  in  general  only  partial,  that  is,  so  much  oxygen 
only  is  abstracted  that  it  passes  into  the  second  combi- 
nation : this,  when  subjected  to  a decomposing  force, 
is  in  like  manner  subject  to  partial  decomposition,  so 
much  oxygen  being  abstracted  as  converts  it  into  the 
first;  and  it  requires  a decomposing  agency  still  more 
powerful  to  subvert  this,  and  leave  the  nitrogen  pure. 

I  have  next  to  state  a very  important  general  fact  or  law 
connected  with  these  combinations,  in  which  definite  pro- 
portions are  established.  It  was  first  brought  distinctly  in- 
to view  as  connected  with  a system  of  chemical  combination 
proposed  by  Mr  Dalton,  and  was  nearly  about  the  same 
time  more  directly  inferred  by  Dr  Wollaston  from  ex- 
perimental investigation. 

All  bodies  consist  of  atoms,  or  particles  extremely  mi- 
nute, between  which  chemical  attraction  is  exerted.  It 
is  conceivable  that  when  two  bodies  combine  together,  the 
mutual  attraction  may  be  exerted  from  a certain  number 
of  particles  of  the  one,  to  a certain  number  of  particles  of 
the  othei  i or,  instead  of  this,  it  is  possible  that  one  particle 
of  the  one  body  may  combine  with  one  particle  of  the  other, 
with  two,  with  three,  or  with  four  particles.  It  is  this  latter 
supposition  which  Mr  Dalton  maintained.  Bodies  com- 
bine, he  supposed,  atom  with  atom  individually  ; and  W'hen 
two  bodies  combine  in  different  proportions,  the  combina- 
tions are  supposed  to  be  first  one  atom  of  the  one  with 
one  of  the  other ; then  one  atom  with  two,  &c.  as  express- 
ed in  the  following  table. 

1 atom  of  A-f  1 atom  of  Br:  1 atom  of  C,  binary. 

1 atom  of  A-f- 2 atoms  of  B=1  atom  of  D,  ternary. 

2 atoms  of  A + 1 atom  of  B = 1 atom  of  E,  ternary. 

1 atom  of  A-f- 3 atoms  of  B=  1 atom  of  F,  quaternary. 

3 atoms  of  A-f- 1 atom  of  B = 1 atom  of  G,  quaternary,  &c. 
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Wlien  only  one  combination  of  two  bodies  can  be  ob- 
tained, it  must  be  presumed  to  be  a binary  one,  unless 
some  cause  appear  to  the  contrary ; when  two  combina- 
tions are  observed,  they  must  be  presumed  to  be  a binary 
and  a ternary;  when  three  combinations  are  obtained,  we 
may  expect  one  to  be  a binary,  and  the  other  two  ternary  : 
when  four  combinations  are  observed,  we  should  expect  one 
binary,  two  ternary,  and  one  quaternary,”  &c.  *. 

Now,  in  this  view  of  chemical  combination  is  implied 
tlie  important  law,  that  in  the  combinations  of  two  bodies 
in  difierent  proportions,  a simple  arithmetical  relation  will 
exist  between  these  proportions,  so  that  the  larger  quan- 
tity of  one  ingredient  is  expressed  by  some  simple  multiple 
of  the  smaller  quantity,  in  which  it  unites  with  the  other. 
Considering  the  one  body  as  the  base,  and  in  a fixed  quan- 
tity, that  is<  taking  it  as  unity,  and  considering  the  first  or 
lowest  proportion  of  the  other  as  1,  the  second  proportion 
will  be  2,  the  third  3,  the  fourth  4,  and  so  on  in  the  same 
ratio,  according  to  the  number  of  combinations.  Or  sup- 
pose 100  parts  of  A to  combine  in  the  first  proportion 
with  7 of  B,  in  the  second  proportion  100  of  A will  com- 
bine with  14  of  B,  in  the  third  100  with  21,  and  in  the 
fourth  100  with  28. 

The  same  law  had  been  inferred  by  Dr  Wollaston  from 
direct  experimental  results.  Acids  combine  with  alkaline 
bases  in  different  proportions;  in  one  proportion  the  pro- 
perties of  the  two  bodies  are  neutralized  ; in  other  propor- 
tions there  is  an  excess  of  acid,  or  an  excess  of  base,  retaining 
its  characteristic  properties  to  a certain  extent.  Dr  Wol- 
laston found  that  this  excess  of  cither  bore  a certain  arith- 
metical proportion  to  the  quantity  of  the  same  ingredient 
in  the  neutral  compound.  Potash,  for  example,  combines 
with  carbonic  acid  in  a certain  proportion,  forming  a neu- 
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tral  salt  which  may  be  crystallized.  If  this  salt  be  decom- 
posed by  muriatic  acid,  the  carbonic  acid  disengaged  as- 
sumes the  aerial  form,  and  from  the  volume  it  occupies,  its 
quantity  is  determined.  If  this  neutral  compound  be  ex- 
posed to  a red  heat,  part  of  its  carbonic  acid  is  expelled, 
but  the  quantity  which  it  yields  in  this  partial  decompo- 
sition is  exactly  the  half  that  it  contained  j so  that,  when 
the  new  compound  is  decomposed  by  muriatic  acid,  it 
gives  half  the  quantity  of  the  carbonic  acid  which  was  af- 
forded by  the  neutral  salt,  decomposed  in  a similar  manner* 
The  case,  he  found,  to  be  the  same  with  the  compound  of 
soda  and  carbonic  acid.  And  in  other  compound  salts, 
in  a neutral  state,  and  with  an  excess  of  acid,  as  in  the 
sulphate  and  super-sulphate  of  potash,  he  found  the  neu- 
tral compound  to  contain  just  half  the  quantity  of  acid 
contained  in  the  other.  Dr  Thomson  had  shewn,  that 
the  case  is  the  same  in  the  compounds  of  oxalic  acid  with 
potash  and  with  strontitcs.  Dr  Wollaston  having  found, 
that  this  law  with  regard  to  relative  proportions  is  obser- 
ved in  a number  of  such  compounds,  supposed  it  to  be  a 
general  one,  and  was  led  to  adopt,  as  including  it,  the  more 
comprehensive  principle  stated  by  Mr  Dalton,  « That  in 
all  cases  the  simple  elements  of  bodies  are  disposed  to  un- 
ite atom  to  atom  singly ; or  if  either  is  in  excess,  it  exceeds 
by  a ratio  to  be  expressed  by  some  simple  multiple  of  the 
number  of  its  atoms 

At  a subsequent  period  Gay-Lussac  brought  into  view 
another  class  of  facts  conformable  to  the  same  law.  It  had 
been  known  that  in  some  cases  aerial  bodies  combine  in 
simple  proportions  estimated  by  volume.  Thus  the  two 
airs,  which  are  the  elements  of  water,  oxygen  gas  and  hy- 
drogen gas,  combine  in  the  proportion  of  100  parts  by 
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Measure  of  oxygen  gas  with  200  measures  of  hydrogen 
gas.  This  led  him  to  suppose  that  other  gases  might  com- 
bine in  similar  simple  proportions-,  and  he  accordingly 
found,  both  that  this  is  the  case,  and  that  when  two  gases 
combine  in  different  proportions,  the  larger  proportion  of 
the  one  has  a simple  arithmetical  ratio  by  volume  to  the 
smaller  proportion.  Thus  100  measures  of  muriatic  acid 
gas,  he  found,  combine  with  exactly  100  measures  of  am- 
moniacal  gas : fluoboric  acid  gas  he  found  combined  with 
ammonia  in  two  proportions ; one  that  of  equal  volumes 
of  the  two  gases,  the  other  that  of  2 measures  of  the  am- 
moniacal  gas  with  one  measure  of  the  acid.  Carbonic  acid 
gas  he  farther  found  combined  in  the  proportion  of  100 
parts  with  200  of  ammoniacal  gas,  forming  a compound 
with  excess  of  base  ; a neutral  compound  likewise  exists, 
which,  although  it  cannot  be  formed  by  direct  combina- 
tion of  the  gases,  appears  from  analysis  to  consist  of  equal 
volumes  of  the  two  gases.  These  three  acid  gases,  there- 
fore, in  combining  with  ammonia,  unite  with  it  in  equal 
volumes  to  form  a neutral  compound ; and  two  of  them,  in 
forming  a different  compound,  unite  with  the  ammonia  in 
the  proportion  of  one  measure  to  two. 

In  proof  that  gases  combine  in  very  simple  proportions 
estimated  by  volume,  a number  of  other  examples  are  given, 
100  parts  of  ammonia  are  composed,  according  to  M.A. 
Berthollet,  of  200  measures  of  nitrogen,  and  300  measures 
of  hydrogen  gas.  Sulphuric  acid  is,  according  to  the  ex- 
periments of  Gay-Lussac  himself,  composed  of  100  mea- 
sures of  sulphui’ous  acid  gas  and  50  of  oxygen  gas ; and 
carbonic  acid  is  composed  of  100  measures  of  carbonic 
oxide  gas  and  50  of  oxygen  gas.  The  nitrous  compounds 
give  results  when  their  proportions  are  reduced  to  volumes, 
whence  a similar  inference  may  be  drawn,  supposing  slight 
errors  in  the  experiment : admitting  the  corrections  for 
these,  the  proportions  (which  however  must  be  regarded 
as  doubtful  with  regard  to  some  of  them)  wi)l  be  in  nii 
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troiis  oxide,  100  of  nitrogen  witii  50  of  oxygen,  in  nitric 
oxide  100  with  100,  and  in  nitric  acid  100  with  200.  Oxy- 
niuriatic  gas  consists  of  300  of  muriatic  acid  gas  and  103 
of  oxygen  gas,  a deviation  from  the  proportion  of  300  to 
100  extremely  inconsiderable. 

from  all  these  facts,  Gay-Lussac  drew  the  conclusion, 
that  elastic  fluids  in  acting  on  each  other  combine  in  ratios 
the  most  simple,  those  which  appear  to  exist  in  the  pre- 
ceding examples  being  of  1 to  1,  I to  2,  or  1 to  3 in  vo- 
lume. And  it  is  farther  to  be  remai’ked,  he  adds,  (what 
distinguishes  this  from  the  doctrine  of  definite  proportions, 
as  maintained  by  Dalton  and  Wollaston,)  that  when  the 
proportions  are  considered  in  weight,  there  is  no  simple 
ratio  between  the  elements  of  the  first  combination ; it  is 
only  when  there  is  a second  combination  between  the  same 
elements,  that  the  new  proportion  of  that  which  has  been 
added  is  a multiple  of  the  first.  The  gases,  on  the  con- 
tiaiy,  in  those  proportions  in  which  they  can  combine, 
always  form  compounds,  the  elements  of  which  are  in 
volume,  multiples  the  one  of  the  other  *.  The  table  which 
he  has  given  exhibiting  these  results,  with  a table  on  the 
same  subject  by  INIr  Dalton,  will  be  found  at  the  end  of 
the  cha])tcr. 

Berzelius  has  generalized  this  result  theoretically,  by  sup- 
posing that  the  same  law  would  be  observed  in  the  com- 
binations of  all  bodies,  if  they  were  reduced  to  the  aerial 
form.  All  of  them  may  either  actually  be  reduced  to  this 
form  by  a temperature  suflicicntly  elevated,  or  at  least  they 
may  be  conceived  of  as  composed  of  particles  betw'een 
which  repulsion  would  be  established,  so  that  they  would 
exist  in  it,  if  no  other  chemical  change  connected  with  the 
operation  of  temperature  prevented  the  result.  And  in 
this  case,  the  same  law  he  supposes  would  regulate  their 
pombinations  as  that  observed  in  the  combinations  of  those 
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gases  on  which  we  can  operate.  The  doctrine  under  this 
form  constitutes  what  has  been  called  the  theory  of  vo- 
lumes. It  is  evidently  merely  a modification  of  the  other. 
In  support  of  it  Berzelius  has  brought  forward  a very  ex- 
tensive series  of  experimental  results  *. 

Such  are  the  facts  which  fall  under  the  general  propo- 
sition with  regard  to  the  limits  which  chemical  attraction 
observes  in  the  relative  proportions  in  which  bodies  com- 
bine together.  It  remains  to  consider  the  theory  of  them. 


* In  a work  published  by  Mr  Higgins,  a number  of  years  ago, 
(A  Comparative  Vievo  of  the  Phlogistic  and  Antiphlogistic  Theo- 
ries, 1789,)  some  cases  of  chemical  compounds  are  stated,  in 
which  the  combinations  are  held  to  consist  of  one  particle  of 
the  one  body  with  one  particle,  two  particles,  three,  four  or  five 
of  another.  In  sulphurous  acid  a single  particle  of  sulphur  is 
supposed  to  be  united  with  a single  particle  of  oxygen,  and  in 
sulphuric  acid  with  two  particles  of  oxygen,  (page  36.)  Wa- 
ter is  held  to  be  composed  of  one  particle  of  oxygen  with  one 
particle  of  hydrogen,  and  to  be  incapable  of  uniting  to  a third 
particle  of  either,  (page  37.)  In  sulphuretted  hydrogen  the 
particles  of  sulphur  are  supposed  to  be  to  those  of  hydrogen 
as  nine  to  five,  (page  81.)  And  in  the  nitrous  compounds  he 
supposed  one  particle  of  nitrogen  to  be  combined  with  two 
particles  of  oxygen,  forming  nitric  oxide,  one  with  three  con- 
stituting red  nitrous  acid,  one  with  four  constituting  the  pale 
yellow  acid,  and  with  five  forming  colourless  nitric  acid,  (page 
133- .5.)  But  in  these  statements  there  is  no  trace  of  any  in- 
duction that  this  might  be  a general  law  of  chemical  combina- 
tion : the  opinion  was  not  extended  beyond  these  few  cases,  nor 
was  it  brought  forward  with  any  prominent  distinction  ; it  ac- 
cordingly attracted  no  attention  ; and  Mr  Higgins  himself 
never  prosecuted  it,  nor  announced  it  farther  until  he  advanced 
his  pretensions  subsequent  to  the  publication  of  Mr  Dalton’s 
system.  He  certainly  therefore  has  little  or  no  claim  to  the  doc- 
trine. 

Annals  of  Philosophjq  vol.  2.  3.  4.  and  5. 
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Tliey  have  been  represented  under  very  diflerent  points  of 
view,  involving  some  uncertainty  even  with  regard  to  the 
extent  to  which  they  are  established. 

That  in  many  cases  of  chemical  combination  there  are 
certain  fixed  or  uniform  proportions,  in  which  the  bodies 
combine,  and  that  in  other  cases  there  is  little  or  no  limi- 
tation with  regard  to  proportion,  were  propositions  admit- 
ted in  a great  measure  as  ultimate  facts.  Berthollet  seems 
first  to  have  endeavoured  to  explain  them,  and  to  bring 
them  under  one  general  law 

From  the  consideration  of  that  class  of  facts,  which  have 
been  already  illustrated,  by  which  the  influence  of  quantity 
of  matter  on  the  exertion  of  attraction  is  established,  he 
had  inferred  the  general  principle,  that  any  body  acts  on 
another  in  the  ratio  of  its  affinity  and  quantity.  There  is 
therefore  no  proportion  at  which  attraction  ceases  to  o- 
perate ; its  tendency  is  to  act  on  all  tlie  particles  of  matter, 
and  to  combine  bodies  in  all  proportions  j and  hence,  since 
limits  in  many  cases  are  placed  to  its  operation,  and  bo- 
dies are  capable  of  being  combined  only  in  certain  pro- 
portions, these  limits  must  arise,  and  these  proportions  be 
established  from  the  operation  of  external  forces  alone. 
Cohesion  and  elasticity,  in  particular,  place  limits  to  its 
exertion.  The  application  of  this  principle  may  be  best 
illustrated  in  reference  to  the  preceding  general  cases  of 
chemical  combination. 

Where  combination  is  unlimited,  the  operation  of  the 
principle  is  of  course  apparent.  This  generally  happens 
in  the  mutual  action  of  bodies  in  the  liquid  form,  when 
the  result  of  their  combination  is  a substance  which  exists 
in  the  same  form.  In  these  the  attraction  simply  operates  j 
there  is  no  elasticity  to  counteract  it,  and  the  cohesion  of 
Jiquids  is  so  inconsiderable  that  it  in  general  can  have  little 
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effect.  In  some  cases,  however,  where  a very  weak  attrac- 
tion operates,  the  degree  of  cohesion  and  the  difference 
of  specific  gravity  seem  sufficient  to  counteract  it,  and  to 
place  certain  limits  to  the  combination,  as  in  the  example 
of  sulphuric  ether  and  water,  the  former  not  being  dissol- 
ved completely  in  less  than  ten  parts  of  the  latter. 

W heie  combination  is  unlimited  to  a certain  extent, 
but  then  ceases,  it  is  easy  to  trace  the  limitation  which 
occurs,  to  the  operation  of  external  forces, — cohesion  and 
elasticity.  In  the  solution  of  a salt  in  water,  for  example, 
the  mutual  attraction  is  at  first  sufficiently  powerful  to 
overcome  the  cohesion  of  the  solid,  and  hence  the  solu- 
tion of  the  salt  takes  place  j but  as  this  proceeds,  the  at- 
traction becoming  weaker,  conformably  to  the  law  (al- 
ready illustrated,)  that  its  force  is  in  the  inverse  ratio  to 
saturation,  it  is  at  length  unable  to  overcome  the  cohe- 
sion, and  an  equilibrium  is  established  between  the  two 
forces,  at  which  any  farther  combination  must  cease.  If 
heat  be  applied,  however,  its  effect  is  to  diminish  the  co- 
hesion of  the  solid  : the  solution  is  therefore  resumed,  and 
an  additional  portion  of  the  salt  is  combined  with  the  wa- 
ter : this  again  ceases  until  the  temperature  is  farther  rais- 
ed ; and  if  this  can  be  done,  so  as  to  overcome  entirely 
the  cohesion  of  the  solid,  without  converting  the  water 
into  vapour,  the  combination  may  be  established  in  every 
proportion.  In  other  cases,  the  influence  of  elasticity  ii> 
thus  placing  limits  to  combination  is  equally  obvious ; An 
aeriform  body  is  at  first  condensed  and  absorbed  by  a li- 
quid, from  the  mutual  affinity  being  sufficiently  strong  to 
overcome  the  elasticity  of  the  air,  but  the  affinity  becom- 
ing weaker  as  the  combination  proceeds,  is  at  length  in- 
capable of  producing  this  effect : if  cold,  or  pressure, 
however,  be  applied,  this,  by  counteracting  the  elasticity, 
and  so  far  diminishing  it,  gives  rise  to  an  additional  ab* 
sorption;  and  the  only  limit  to  the  effect  of  cold  in  this 
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respect  is  its  communicating  cohesion  to  the  liquid  itself. 
Other  external  forces  sometimes  place  limits  to  combina- 
tion, particularly  great  differences  of  fusibility  and  spe- 
cific gravity.  Two  metals  not  differing  greatly  from  each 
other  in  these  properties,  may  often  be  combined  by  fu- 
sion in  every  proportion.  If  the  difference  in  fusibility  is 
inconsiderable,  they  may  not  combine,  or  the  more  fusible 
may  unite  only  with  a small  portion  of  the  other.  And 
the  influence  of  specific  gravity  is  shewn  in  the  fact,  that 
in  a mass  composed  of  two  metals  which  have  been  fused 
together,  and  allowed  to  become  solid  without  agitation, 
the  under  portion  frequently  contains  a larger  proportion 
of  the  heavier  metal  than  the  upper  does. 

So  far  the  operation  of  external  forces  is  obvious  in 
placing  limits  to  the  exertion  of  chemical  attraction.  But 
the  cases  most  difficult  of  explanation  are  those  where 
combination  is  established  only  in  <5ne,  or  in  a few  definite 
proportions.  These  Berthollet  endeavoured  to  explain  in 
the  following  manner. 

' The  effect  of  combination  is  condensation  arising  from 
the  approximation  of  the  particles  by  their  mutual  attrac- 
tion. This  probably  always  takes  place,  though  some- 
times disguised  by  aggregation  or  change  of  form.  It  is 
farther  found,  in  those  cases  where  the  effect  can  be  ob- 
served with  greatest  precision,  that  the  degrees  of  conden- 
sation from  the  combination  of  two  bodies  are  different 
in  different  proportions,  and  that  there  is  always  one 
proportion  in  which  it  is  greatest.  If  it  is  sufficiently 
great,  it  may,  by  the  force  of  cohesion  to  which  it  gives  rise, 
oppose  the  farther  progress  of  the  mutual  action  ; it  may 
also  withdraw  the  product  from  the  sphere  of  action  ; and 
may  thus,  from  both  causes,  insulate  the  combination  at  a 
particular  proportion. 

In  the  case  of  substances  in  the  fluid  form,  which  by 
combination  form  a product  which  passes  into  the  solid 
state,  the  operation  is  sufficiently  conformable  to  this  view. 
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The  combination  is  limited  to  that  particular  propor- 
tion in  which  this  occurs;  and  if  the  transition  to  the 
solid  state  is  counteracted  by  sufficient  dilution  in  a sol- 
vent, there  is  no  evidence  of  any  specific  proportion  being 
observed,  but  the  two  bodies  act  on  eadi  other  in  all  pro- 
portions. If  an  acid  and  an  alkali  be  largely  diluted  with 
water,  so  that  the  compound  which  they  form  in  any  pro- 
portion is  retained  in  solution,  they  unite  in  every  relative 
quantity  in  which  they  can  be  presented  to  each  other ; 
the  acidity  diminishing  as  the  proportion  of  alkali  is  in- 
creased, and  the  alkaline  power  being  enfeebled  as  the 
proportion  of  acid  is  augmented,  while  there  is  a medium 
proportion  at  which  they  are  neutralized.  But  in  all  these 
stages  there  are  equal  indications  of  chemical  combina- 
tion, and  a compound  of  fixed  proportions  is  only  obtain- 
ed where  the  force  of  cohesion  operates  to  cause  its  sepa- 
ration. Accordingly,  if  the  quantity  of  water  is  not  suffi- 
cient to  retain  it  dissolved,  or  if  the  excess  of  water  is  dis- 
sipated so  as  to  reduce  it  below  thjs  point,  then  a specific 
compound  is  obtained  by  precipitation  or  crystallization, 
and  in  some  cases  different  compounds  can  even  be  esta- 
blished according  to  the  extent  of  the  evaporation.  Ge- 
nerally  the  compound  of  least  solubility  is  that  which  ex- 
ists at  the  point  of  neutralization,  the  condensation  proba- 
bly being  greatest  at  that  point ; and  hence  it  is  this  com- 
pound which  is  obtained  in  the  solid  state : but  sometimes 
it  forms  with  an  excess  of  one  of  the  ingredients,  particu- 
larly where  this  ingredient  has  a much  greater  tendency 
to  solidity  than  the  other;  and  sometimes  both  the  neutral 
compound,  and  that  with  an  excess,  may  be  formed,  ac- 
cording to  the  circumstances  by  which  these  forces  are  al- 
lowed to  operate. 

In  the  combination  of  substances  in  the  aerial  form, 
the  same  cause  must  operate,  and  frequently  to  a greater 
extent. 

When  a strong  attraction  is  not  exerted  between  the 


132 


OF  CHEMICAL  ATTRACTION 


particles  of  two  aeriform  bodies,  their  elasticity  acts  as  an 
opposing  force ; they  do  not  enter  into  intimate  combina- 
tion, but  remain  diffused,  or  very  slightly  united.  But 
when  more  powerful  attractions  are  exerted,  and  when 
these  are  favoured  by  the  necessary  circumstances,  more 
intimate  combinations  are  established,  and  these  always  in 
determinate  proportions.  In  all  combinations  there  is  a 
pertain  proportion  in  which  the  condensation  is  greatest ; 
and  in  the  combination  of  aerial  substances,  the  conden- 
sation is  usually  so  considerable  that  it  must  oppose  a 
greater  force  to  the  exertion  of  attraction  beyond  this, 
and  hence  will  fix  the  compound  at  one  uniform  propor- 
tion. The  combination,  however,  is  not  limited  alw'ays  to 
one  proportion.  Where  the  condensation  is  much  greater 
at  one  proportion  than  at  another,  it  probably  will  be  so, 
as  is  exemplified  in  the  formation  of  water  from  its  gas- 
eous elements ; but  where  the  condensation  is  less,  and 
the  degrees  of  it  are  more  equal  at  certain  relative  quan- 
tities of  the  ingredients,  combinations  may  be  established 
at  these  different  proportions,  by  the  influence  of  the  rela- 
tive quantities  of  the  substance,  by  elasticity,  or  cohesion, 
or  by  the  operation  of  other  external  circumstances. 

In  the  combination  of  an  aeriform  body  with  a liquid 
or  solid,  the  condensation  is  greater  in  proportion  as  the 
attraction  between  them  is  strong  : it  proceeds  to  that  ex- 
tent at  which  the  affinity,  w eakened  in  the  progress  of  the 
combination,  becomes  not  sufficiently  powerful  to  over- 
come the  elasticity.  At  this  a fixed  proportion  is  establish- 
ed; or,  by  arrangements  of  circumstances  influencing  either 
the  elasticity  of  the  air,  or  the  cohesion  of  the  solid,  com- 
binations at  other  proportions  may  take  place.  Such 
probably  are  the  modes  of  combination  of  oxygen  gas 
with  metals.  In  other  cases,  the  solid  or  liquid  condenses 
indefinite  successive  portions  of  elastic  fluid,  to  the  point 
at  which  the  elasticity  or  the  cohesion  cannot  be  farther 
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overcome  by  the  affinity.  This  is  exemplified  in  the  ab- 
sorption of  gases  by  water,  and  sometimes  by  certain  so- 
lids. 

Lastly,  in  those  cases  where  the  solid  or  liquid,  in  com- 
bining with  an  air,  passes  into  the  aeriform  state,  limits 
are  placed  to  the  combination  by  the  cohesion  on  the  one 
hand,  and  the  elasticity  on  the  other,  the  affinity  becoming 
weaker  in  the  approach  to  saturation,  and  being  at  length 
unable  to  produce  the  farther  change;  and  sometimes,  espe- 
cially where  heat  is  applied,  the  combination  becomes 
subject  to  the  laws  which  regulate  the  action  of  elastic 
fluids;  the  condensation,  which  is  the  consequence,  insula- 
ting it  at  a certain  proportion. 

While  Berthollet  thus  assigned  causes  for  the  limits 
with  regard  to  proportions  in  chemical  combination,  his 
views  led  him  to  consider  these  limits  as  not  always  strict- 
ly or  necessarily  observed,  and  to  regard  combination  in 
many  cases  as  indefinite,  where  it  had  been  held  to  be  de- 
finite. Acids  and  alkalis,  for  example,  he  supposed  to  be 
capable  of  combining  with  each  other  in  all  proportions  ; 
and  the  uniform  compounds  of  them  which  are  obtained 
in  the  solid  or  crystallized  state,  he  supposed  to  owe  this 
uniformity  to  the  influence  of  the  force  of  cohesion,  by 
which  their  insulated  existence  is  established.  Metals  he 
supposed,  in  like  manner,  to  combine  with  oxygen  in  nu- 
merous or  indefinite  proportions ; and  hence  he  regarded 
metallic  oxidation  as  indeterminate,  or  nearly  so,  from 
the  minimum  to  the  maximum,  where  it  is  not  rendered 
uniform  by  the  operation  of  other  powers. 

These  opinions  were  not,  however,  altogether  received 
by  chemists.  Proust  had  maintained  the  idea  that  che- 
mical combination  is  in  general  fixed  and  invariable  w'ith 
regard  to  proportions,  and  in  particular  that  metals  are 
susceptible  only  of  definite  degrees  of  oxidation.  The 
same  idea  is  necessarily  implied  in  Mr  Dalton’s  system ; 
for  in  this  it  is  supposed,  that  either  atom  combines  with 
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atom  individually,  or  one  atom  with  two,  three,  four,  &c., 
and  of  course  intermediate  combinations,  such  as  that  of 
two  \yith  three,  or  two  with  five,  are  excluded.  And,  in 
the  more  limited  inductions  by  Wollaston  and  Gay-Lus- 
sac, it  is  held  that  attraction  is  exerted  either  exclusively, 
or  at  least  more  forcibly,  in  certain  relative  proportions  of 
the  particles  of  bodies,  than  it  is  in  others. 

Berthollet’sviews  are  undoubtedly  just  to  a certain  extent. 
Attraction  is  in  many  cases  unlimited  with  regard  to  pro- 
portions, as  is  exemplified  in  the  mutual  action  of  a number 
of  liquids.  In  whatever  relative  quantities  the  two  bodies 
exerting  attraction  are  presented  to  each  other,  they  unite 
with  equal  facility;  the  union  is  in  every  case  accompanied 
w’ith  a change  of  density,  and  though  they  are  of  different 
specific  gravity,  they  remain  uniformly  combined  : in  these 
therefore  the  principle  of  his  theory  is  established.  In  others 
attraction  is  obviously  limited  by  the  operation  of  ex- 
ternal forces,  by  the  influence,  in  particular,  of  cohesion 
and  elasticity,  as  is  exemplified  in  the  solution  of  a solid 
by  a liquid,  and  the  absorption  of  an  aeriform  body  by  a 
fluid  in  limited  quantity.  That  the  influence  of  these 
forces  occurring  at  particular  stages  of  a combination'may 
arrest  it  at  these,  and  thus  give  rise  to  specific  proportions, 
cannot  but  be  regarded  as  extremely  probable ; and  this 
operation,  in  many  cases  of  definite  combinations,  is  ap- 
parent in  the  fact,  that  the  proportion  at  which  the  com- 
bination is  established  is  that  at  which  the  combination  is 
greatest,  or  at  which  the  greatest  degree  of  cohesion  is 
acquired. 

It  must  also  be  admitted,  however,  that  the  explana- 
tions with  regard  to  this  last  class  of  combinations  are  in 
{.ome  measure  vague  and  obscure.  It  is  also  true  that 
combination  is  more  frequently  established  in  fixed  pro- 
portions than  Berthollet  had  supposed.  And,  lastly,  the 
law  which  is  established  with  regard  to  combinations  in 
definite  proportions,  that  in  these  a certain  simple  ratio 
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exists,  cannot  be  explained  according  to  his  doctrine, 
while  it  is  sufficiently  conformable  to  tlie  otlier.  It  is  a 
result  which  evidently  cannot  arise  from  the  operation  of 
external  forces  alone,  and  which  proves  that  attraction,  in- 
stead of  being  unlimited,  is  exerted  with  greater  energy  be- 
tween^thejpahicles  of  bodies  in  certain  definite  proportions 
than  in  others. 

Still  there  are  some  facts  not  altogether  conformable  to 
the  strict  sense  of  the  law  in  the  form  under  which  it  has 
hitherto  been  expressed.  There  are  cases  where  determinate 
proportions  are  usually  established  ; and  even  where  these 
have  simple  ratios  to  each  other,  yet  by  peculiar  arrange- 
ments of  circumstances,  combinations  of  the  same  elements 
in  other  proportions  may  be  established.  Berthollet  has, 
in  the  progress  of  the  discussion,  brought  forward  some 
examples  of  this  kind.  In  repeating  the  experiments  of 
Wollaston  on  the  decomposition  of  the  carbonates  of  po- 
tash and  soda,  he  obtained  the  same  results, — that  the  car- 
bonate exposed  to  a red  heat  yields  such  a portion  of  car- 
bonic acid,  that  just  half  the  quantity  which  it  contained 
remains  combined  with  the  base ; and  he  farther  found, 
that  there  is  a similar  tendency  in  the  combinations  of  this 
acid  with  lime  and  barytes.  But  he  also  found,  that  in- 
termediate compounds  may  be  formed  and  even  obtained 
crystallized  ; and  farther,  that  the  acid  is  not  retained  in 
combination  with  an  uniform  force,  but  is  retained  more 
strongly  as  its  quantity  diminishes ; and  that  there  exists  a 
compound  with  still  less  acid,  than  in  the  subcarbonate 
obtained  by  decomposing  the  carbonate  by  a red  heat.  In 
extending  the  experiments  to  other  acids,  he  found  that 
sulphuric  acid  forms  with  potash  or  with  soda,  acidulous  - 
salts,  in  which  the  excess  of  acid  is  very  variable  ; whence 
it  appears  that  this  tendency  to  unite  in  determinate  pro- 
portions is  very  different  in  different  substances  *.  There 
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are  other  facts,  from  which  it  may  be  inferred  that  com- 
binations are  not  invariably  limited  even  where  there  is  a 
tendency  in  the  elements  to  definite  proportions.  In  the 
mineral  kingdom,  for  example,  the  ingredients  in  the  same 
species  admit  of  a considerable  diversity  in  proportions. 
In  the  vegetable  and  animal  proximate  principles,  this  is 
often  the  case  to  an  equal  extent.  And  it  is  mere  hypo- 
thesis, without  much  probability,  to  assume  that  in  all  these 
cases  a few  definite  proportions  only  are  established,  which 
are  disguised  by  intermixture  or  other  accidental  causes. 

The  nighest  approximation  to  the  just  expression  of  the 
fact  on  this  subject  seems  to  be, — that  where  weak  attrac- 
tions operate,  and  where  the  external  forces  of  cohesion  and 
elasticity  do  not  interfere,  combination  is  unlimited  with 
regard  to  proportions, — that  where  these  forces  are  pre- 
sent, they  frequently  place  limits  to  attraction, —but  that 
besides  these,  chemical  action  is  in  many  cases  exerted  with 
more  energy,  where  the  bodies  exerting  it  are  in  simple 
ratios  with  regard  to  each  other,  or  in  proportions  which 
are  multiples  of  these,  so  that  combinations  are  established 
more  easily,  and  are  more  permanent  in  these  proportions 
than  in  others,  this  law  being  chiefly  observed  where 
powerful  attractions  prevail.  There  is  thus  a series  nearly 
from  unlimited  combinations  to  those  more  strictly  defin- 
ed; while  in  all,  the  influence  of  quantity  appears  to  ope- 
rate to  a certain  extent 

I shall  afterwards  have  to  state  some  views  of  chemical 
theory , the  prosecution  of  which  leads  to  the  conclusion, 
that  the  definite  proportions,  in  which  bodies  arc  capable 
of  entering  into  combination,  are  more  numerous  than  have 
hitherto  been  supposed,  or  than  can  be  easily  obtained  in- 
sulated. And  if  this  be  just,  it  will  obviate  still  more  com- 
pletely the  preceding  difficulties,  and  reconcile  the  series 
of  facts,  which  appear  in  opposition  to  each  other,— those 
pioving  the  limitation  of  chemical  union  to  a few  definite 
proportions  in  the  elements  of  compounds,  and  those  which 
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prove  that  combinations  are  much  diversified,  and  pro-* 
portions  less  strictly  defined. 

I have  now  to  illustrate  another  important  relation  con- 
nected with  this  subject,  llichter  appears  to  have  suggest- 
ed the  first  idea  of  it  in  a law,  which  he  announced  from 
experiment,  with  regard  to  the  compounds  of  acids  with 
alkaline  or  earthy  bases.  “ If  two  such  compounds  in  the 
neutral  state  are  mixed  together,  and  produce  mutual  de- 
composition, the  new  compounds  formed  will,  with  scarce- 
ly any  exception,  be  in  the  neutral  state.”  The  respec- 
tive quantities  of  the  two  acids  existing  in  the  two  com- 
pounds being  thus  neutralized  by  the  quantity  of  either  of 
the  one  base  or  of  the  other,  and  in  like  manner  the 
quantity  of  each  base  being  neutralized  by  the  quantity  of 
either  of  the  acids  which  the  compounds  contain,  it  is  evi- 
dent that  a certain  relation  exists  in  the  quantities  of  these 
substances  producing  neutral  combinations,  which  can  be 
discovered  by  the  experiment.  And  by  multiplying  ex- 
periments on  different  compounds,  the  equivalent  quan- 
tities of  the  different  acids  and  different  bases  producing 
these  neutral  combinations  may  be  determined.  Richter 
accordingly  gave  an  extensive  series  of  tables  from  experi- 
ment, representing  these,  and  exhibiting  the  composition 
of  a number  of  saline  compounds.  Fischer  remarked  that 
these  tables  might  be  comprised  in  a single  one  with  two 
columns,  one  containing  the  acids,  the  other  the  bases  with 
numbers  attached  to  each  representing  the  quantities  in 
which  they  produce  mutual  neutralization  ; 1000  parts  of 
sulphuric  acid,  for  example,  neutralizing  1605ofpotash,  859 
of  soda,  793  of  lime,  672  of  ammonia,  615  of  magnesia, 
&c. : 712  of  muriatic  acid,  14-08  of  nitric  acid,  &c.  neu- 
tralizing the  same  quantities,  so  that  the  whole  could  be 
reduced  to  any  standard  by  the  common  rule  of  propor- 
tion *,  And  Berthollet  remarked,  that  to  assign  the  pro- 

* Fischer’s  Table  will  be  found  at  the  end  of  the  Chapter, 
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portions  in  these  combination,  it  was  only  necessary  to  de- 
termine, first  the  proportions  of  one  acid  with  the  different 
bases,  and  then  the  proportions  of  a single  combination  of 
each  of  the  other  acids  with  any  base,  taking  that  which  is 
most  convenient,  and  an  easy  calculation  gives  the  pro- 
portions of  all  the  others  *. 

The  principle,  however,  as  displayed  in  these  investiga- 
tions, was  under  a limited  application  of  it,  and  its  impor- 
tance was  not  sufficiently  perceived,  until  it  was  generaliz- 
ed and  placed  in  a more  strildng  light,  as  implied  in 
an  hypothesis  connected  with  a system  of  chemical  combi- 
nation which  Mr  Dalton  proposed. 

In  this  system  combination  is  supposed  to  take  place  be- 
tween the  atoms  or  particles  of  bodies  individually,  one 
atom  of  one  body  combining  with  one  of  another,  with  two 
atoms,  with  three  or  with  four.  If  this  be  admitted,  and 
if  it  is  known  what  the  kind  of  combination  is,  we  have  a 
mode  of  determining,  what,  seems  at  first  view  to  be  beyond 
the  reach  of  investigation, — the  weights  of  the  atoms  of 
bodies.  When  only  one  combination  of  two  bodies  can  be 
obtained,  it  must  be  presumed,  according  to  Mr  Dalton,  to 
be  a binary  one,  that  is,  to  consist  of  one  atom  of  the  one 
body  with  one  of  the  other.  Jn  this  case  it  is  obvious 
that  the  weights  of  these  atoms  must  be  as  the  weights  in 
which  the  bodies  combine,  for  the  quantity  of  the  one  body 
contains,  by  the  assumption,  the  same  number  of  atoms 
that  the  quantity  of  the  other  does.  The  elements  of  w^a- 
ter,  for  example,  oxygen  and  hydrogen,  can  be  combined 
together  only  in  one  proportion ; the  combination  is  there- 
fore held  to  be  a binary  one,  that  is,  one  atom  of  oxygen 
combines  with  one  of  hydrogen.  The  proportion  in  which 
they  combine  is  that  of  8G.3  oxygen  and  12.7  of  hydrogen 
by  weight;  that  is,  7.5  to  1 nearly.  The  former  quantity, 
therefore,  containing,  according  to  the  hypothesis,  the  same 
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number  of  atoms  as  the  latter,  the  weight  of  an  atom  ol 
oxygen  must  be  7.5,  that  of  an  atom  ol  hydrogen  be- 

ing  1* 

When  bodies  combine  in  two  definite  proportions,  if 
the  proportion  in  the  one  is  in  a simple  arithmetical  ratio 
to  that  in  the  other,  then  it  is  evident  that  the  same  con- 
clusion follows  from  either,  conformable  to  Mr  Dalton’s 
rules  ; that  is,  the  combination  with  the  lowest  proportion 
being  held  to  be  a binary  one,  or  composed  of  one  atom 
with  one,  the  next  must  be  held  to  be  ternary,  or  composed 
of  one  atom  with  two,  and  from  either  the  relative  weights 
of  the  atoms  may  be  inferred.  Thus  carbon  combines  with 
©xygenin  the  proportion  of  43  to  57  by  weight,  forming  car- 
bonic oxide ; and  again  in  the  proportion  of  27.4  to  72.6, 
forming  carbonic  acid,  the  only  two  compounds  of  these 
* elements  known  to  exist.  The  proportion  in  the  first  is 
that  of  5.6  to  7.5,  that  in  the  second  is  the  proportion  of 
5.6  to  15  nearly.  The  first  is  held  to  be  a binary  com- 
pound, or  composed  of  one  atom  of  each  element;  the  se- 
cond is  regarded  as  a ternary  compound,  or  composed  of 
one  atom  of  carbon  with  two  atoms  of  oxygen.  From 
either,  therefore,  it  follows,  that  the  weight  of  an  atom  of 
oxygen  being  7.5,  that  of  an  atom  of  carbon  is  5.6. 

The  same  results,  too,  are  established  by  the  different 
combinations  into  which  a body  enters.  In  the  preced- 
ing example  the  weight  of  an  atom  of  carbon  is  inferred 
from  its  combination  with  oxygen.  It  may  equally  be  infer- 
red from  its  combination  with  hydrogen.  These  elements 
unite  in  two  definite  proportions, — first  in  the  proportion 
of  85  of  carbon  to  15  of  hydrogen,  forming  olefiant  gas, 
and  secondly  in  the  proportion  of  74  of  carbon  to  26  of 
hydrogen,  forming  carburetted  hydrogen  gas.  The  former 
of  these  is  the  proportion  of  5.6  to  1,  the  latter  of  5.6 
to  2.  The  first  is  held  therefore  to  be  binary,  or  to  con- 
sist of  one  atom  of  hydrogen  with  one  atom  of  carbon  ; 
the  second  is  ternary,  or  consists  of  one  atom  of  carbon 
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with  two  atoms  of  hydrogen ; from  either  it  follows  that 
the  weight  of  an  atom  of  carbon  is  to  that  of  an  atom  of 
hydrogen  as  5.6  to  1.  But  the  weight  of  an  atom  of 
carbon  has  been  found  to  be  to  that  of  an  atom  of  oxygen 
as  5.6  to  7.5,  and  the  weight  of  an  atom  of  oxygen  has 
been  found  to  be  to  that  of  an  atom  of  hydrogen  as  7.5 
to  1 5 and  hence  all  these  results  correspond  : or,  stating 
the  weight  of  an  atom  of  hydrogen,  the  element  which 
enters  in  smallest  quantity,  as  1 , the  weight  of  an  atom  of 
carbon  is  5.6,  and  that  of  an  atom  of  oxygen  7.5. 

In  a similar  manner,  the  weights  of  the  atoms  of  other 
bodies  may  be  determined,  and  this  either  from  combina- 
tions with  these  elements,  or  with  others,  the  proportions 
of  wliich  can  be  accurately  determined.  Mr  Dalton  traced 
an  extensive  system  of  this  kind,  applying  it  to  the  consti- 
tution of  a number  of  chemical  compounds;  and  Berzelius, 
who  had  entered  on  the  investigation  from  attending  to  the 
law  of  Richter,  Dr  Wollaston,  and  others,  have  extend- 
ed and  corrected  these  researches  *. 

Now,  independent  of  the  particular  hypothesis  connect- 
ed with  this  system,  as  to  one  atom  of  one  body  combining 
with  one  atom  of  another,  with  two  atoms,  three,  or  four, 
the  facts  unfold  a relation  of  great  importance,  which 
appears  to  be  established  to  a very  considerable  extent. 
It  is,  that  each  body  enters  into  combination  in  one  uni- 
form quantity,  or  simple  multiple  of  that  quantity,  in  rela- 
tion to  certain  constant  quantities  in  which  other  bodies 
in  like  manner  combine.  Thus,  in  the  preceding  examples, 
it  has  appeared  that  hydrogen  enters  into  combination  in 


* Dalton’s  New  System  of  Chemical  Philosoph}'.  See  also 
an  excellent  exposition  of  the  doctrine  by  Mr  Ewart  in  the 
third  volume  new  series  of  the  Manchester  Memoirs  ; Dr 
Wollaston’s  paper,  Philosophical  Transactions,  1814-,  and  se- 
veral dissertations  by  Berzelius,  and  by  Dr  Thomson,  Annals  of 
philosophy,  vol.  2.  3. 4,  and  5. 
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a quantity  as  1,  or  its  multiples,  2,  3,  ike.;  oxygen  in  a 
quantity,  as  7.5,  or  its  multiples,  15,  &c. ; and  carbon 
in  a quantity  as  5.6,  or  its  multiples,  1 1 .2,  &c.  The  same 
important  result  may  be  illustrated  by  some  other  exam- 
ples. 

Sulphur  combines  with  hydrogen  in  the  proportion  of 
93.8  to  6.2,  that  is,  in  the  proportion  of  15  to  1.  Sulphur 
combines  with  oxygen  in  the  proportion  in  one  combina- 
tion of  50  of  sulphur  and  50  of  oxygen,  constituting  sul- 
phurous acid  ; and  in  another  of  50  of  sulphur  and  75  of 
oxygen,  constituting  sulphuric  acid.  Taking  the  number 
sulphur  at  15,  these  proportions  of  oxygen  are  15  and 

22.5,  which  are  the  simple  multiples  of  its  primary  num- 
ber 7.5. 

Copper  combines  with  oxygen  in  the  proportion  of  1 00 
to  12.5.  Stating  the  oxygen  at  7.5,  this  gives  the  propor- 
tion of  metal  at  60.  There  is  another  combination  into 
which  they  enter,  in  the  proportion  of  100  of  copper  with 
25  of  oxygen.  This  gives  the  proportion  of  15  of  oxygen 
to  60  of  the  metal.  Again,  copper  combines  with  sulphur 
in  the  proportion  of  100  to  25,  that  is,  60  to  15.  In  all 
these,  therefore,  the  relative  quantity  of  copper  is  60,  that 
of  oxygen  being,  as  in  the  preceding  cases,  7.5,  or  its  mul-* 
pie  15,  and  that  of  sulphur  being  15. 

Lastly,  zinc  combines  with  oxygen  in  the  proportion  of 
1 00  with  24.4,  which,  stating  the  quantity  of  oxygen  at 

7.5,  gives  the  proportion  of  zinc  at  30  nearly.  Again,  in 
blende,  the  native  compound  of  zinc  and  sulphur,  the 
proportions  are  100  of  zinc  to  48.9  of  sulphur,  which, 
stating  the  sulphur  at  15,  as  in  the  preceding  examples, 
gives  also  nearly  the  proportion  of  30. 

Thus,  in  all  these  cases,  the  quantities  in  which  the  bo- 
dies combine  are  in  uniform  relations  to  each  other.  In 
all  of  them  hydrogen  enters  as  1,  or  its  multiples,  2,  &c. ; 
oxygen  as  7.5,  or  its  multiples,  15.  22.5,  &c.;  carbon  as  5.6, 
or  its  multiples,  11.2,  &c.;  sulphur  as  15,  or  its  multiples, 
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30,  &c. ; copper  as  60;  zinc  as  30;  ami  the  same  relation 
may  be  traced  in  many  other  combinations. 

This  relation  is  one  evidently  of  the  greatest  impor- 
tance, independent  of  any  hypothesis  which  may  be  ap- 
plied to  explain  it.  At  the  same  time  it  is  desirable  to  as- 
sign a cause  for  it,  if  this  can  be  done.  Whence  then, 
recurring  to  the  theory  of  it,  should  this  relation  in  the 
weights  in  which  bodies  enter  into  definite  proportions 
exist  ? This  Mr  Dalton’s  hypothesis  professes  to  explain. 

His  explanation  is,  that  bodies  combine  atom  with  atom 
singly,  or  else  one  atom  of  one  with  two,  with  three,  or 
with  four  atoms  of  another.  The  lowest  of  the  quantities, 
therefore,  in  which  a body  enters  into  combination,  denotes 
the  weight  of  its  atom,  and  the  multiples  of  this  denote  two, 
three  or  four  atoms;  hence  the  constancy  in  which  it  com- 
bines in  these  quantities.  The  weight  of  an  atom  of  hydro- 
gen is  relatively  1 : in  conformity  to  the  principle,  therefore, 
hydrogen  must  enter  into  combinations  in  a quantity  as 
1 , or  its  multiples,  2,  3,  4.  The  weight  of  an  atom  of  oxy- 
gen is  7.5  ; it  must  therefore  enter  into  combinations  in 
the  quantity  of  7.5,  or  its  multiples,  15,  22.5,  30.  And 
the  same  constancy  must  exist  in  the  quantities  in  which 
other  bodies  combine. 

There  is,  strictly  speaking,  no  proof  of  the  truth  of  this 
doctrine.  Attraction  may  be  exerted  from  atom  to  atom  in- 
dividually, or  from  one  to  two  atoms,  three  or  four;  and  this 
may  constitute  chemical  combination.  But  it  is  equally  pos- 
sible that  attraction  may  be  exerted  from  a certain  num- 
ber of  particles  of  one  body  to  a certain  number  of  particles 
of  another,  which  number  or  a single  multiple  of  it  always 
enters  into  its  combinations  ; and  all  that  the  fact  of  arith- 
metical ratios  in  successive  combinations  proves,  is,  that 
whatever  number  may  enter  into  the  first  combination, 
twice  that  number  enter  into  the  second,  three  times  the 
number  into  the  third,  and  so  on  with  regard  to  others. 
Kither  of  these  views  accords,  therefore,  with  the  facts,  and 
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for  any  practical  inference  they  are  the  same,  since  it  is 
the  same  thing  whether  one  atom  having  a weight  express- 
ed by  a certain  number,  or  a number  of  atoms  having  this 
weight,  uniformly  enters  into  the  combinations  the  body 
forms. 

No  cause,  it  may  be  said,  is  assigned  on  the  last  sup- 
position, for  the  uniform  relation  in  the  quantities  in  which 
bodies  combine ; for  there  is  no  apparent  cause  why  a cer- 
tain number  of  particles  should  always  be  associated  in  the 
combinations  into  which  a body  enters.  In  the  opposite 
system  this  is  accounted  for.  The  lowest  quantity  denotes 
the  weight  of  the  atom  of  the  body,  and  the  multiples 
of  course  denote  two,  three  or  four  atoms.  This  is  an 
advantage,  therefore,  belonging  to  Mr  Dalton’s  view. 
But  it  -is  an  advantage  gained  merely  from  a hypothetical 
assumption ; and  the  subject  is  one  in  which  little  confi- 
dence can  be  placed  in  any  speculations  with  regard  to  it. 
We  have  no  means  of  judging  of  the  relative  weights  or 
magnitudes  of  the  atoms  of  bodies,  or  what  number  of 
them  a given  volume,  or  a given  weight  of  a body  contain  : 
we  have  no  means  of  determining,  therefore,  from  the  ac- 
tual proportions  in  which  bodies  unite,  what  number  of 
atoms  of  the  one  combine  with  those  of  the  other,  nor  can 
we,  on  any  certain  grounds,  draw  any  conclusion  as  to  their 
modes  of  union.  It  may  be  the  most  simple  hypothesis, 
that  one  atom  combines  with  one,  with  two,  three  or  four 
atoms;  but  it  does  not  follow  that  this  is  actually  the  case  ; 
nor  is  there  any  evidence  of  its  truth.  On  the  contrary, 
it  is  equally  possible  that  from  the  figures,  magnitudes  and 
attractive  powers  of  the  particles,  such  an  equilibrium  may 
be  established,  that  a certain  number  of  them  may  enter 
into  union  with  those  of  another,  and  that  twice  or  thrice 
that  number  may,  from  a similar  influence,  enter  more  easi- 
ly into  combination  than  any  other  intermediate  propor- 
tion. The  uniformity,  therefore,  in  the  relative  quantities' 
in  which  bodies  combine,  and  the  law  of  arithmetical  ra- 
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tios  existing  in  tlicir  combinations,  may  be  as  easily  recon- 
ciled with  the  one  system  as  with  the  other,  and  no  supe- 
rior probability  can  be  attached  to  either.  “ When  we 
recollect,”  says  Mr  Robison,  in  allusion  to  a different  che- 
mical speculation,  “ that  the  united  efforts  of  all  the  ma- 
thematicians of  Europe  have  not  yet  given  a demonstrable 
and  accurate  account  of  the  motion  of  three  particles  at- 
tracting each  other,  we  can  expect  little  success  when  we 
seek  to  determine  the  motion  of  millions  of  particles  at- 
tracting at  once.” 

The  atomic  hypothesis,  when  applied  to  the  phenomena 
of  chemical  combination,  will  be  farther  found  liable  to 
difficulties  of  considerable  importance. 

In  the  more  general  doctrine,  for  example,  that  attrac- 
tion is  exerted  from  a certain  number  of  particles  of  one 
body  to  a certain  number  of  particles  of  another,  so  as  to 
establish  combinations  with  uniform  proportions,  it  may 
be  admitted,  that  from  the  influence  of  circumstances,  the 
force  exerted  may  be  so  far  modified,  that  these  propor- 
tions may  be  counteracted,  and  other  combinations  form- 
ed. But  in  the  atomic  system,  one  atom  of  one  body 
must  combine  with  one,  two,  three,  or  four  of  another, 
and  any  intermediate  combinations  cannot  exist ; in  other 
words,  the  system  maintains  not  only  that  combinations 
in  definite  proportions,  and  with  simple  arithmetical  ratios 
in  the  different  quantities  of  one  of  the  ingredients  exist, 
but  that  there  can  be  no  others ; while,  on  the  opposite 
doctrine,  although  it  may  be  inferred,  in  conformity  to 
the  actual  fiict,  that  such  combinations  are  usually  establish- 
ed, still  the  possibility  of  the  occurrence  of  others  is  not 
precluded.  Now,  there  are  many  cases  of  chemical  com- 
bination in  which  such  deviations  exist.  I have  already 
referred  to  some  examples  established  by  Berthollet  with 
regard  to  those  saline  compounds,  in  which  even  the  law 
of  arithmetical  proportions  is  observed,  (p.  136.)  There 
are  numerous  combinations  in  the  mineral  kingdom,  in. 
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which  greater  diversities  of  composition  from  the  same 
elements  are  to  be  found.  On  the  atomic  system  all  such 
combinations  must  be  denied,  and  the  substances  appa- 
rently exhibiting  them  must  be  held  to  be  mixtures  or 
compounds  of  other  definite  compounds  in  the  proper 
proportions, — an  assumption  which  is  altogether  hypothe- 
tical, and  in  many  cases  extremely  improbable  *. 

Of  the  same  nature  are  those  numerous  facts  connected 
with  partial  decomposition,  which  have  already  been  in 
part  referred  to,  (page  77,)  cases  in  which  the  greater  part 
of  an  ingredient  is  abstracted  from  a substance  with  which 
it  is  combined,  while  a minute  portion  of  it  is  retained  in 
combination  with  a strength  of  attraction  which  the  de- 
composing force  cannot  overcome.  In  submitting,  for  ex- 
ample, the  compound  of  potash  or  soda  with  carbonic  acid 
to  the  agency  of  lime,  the  greater  part  of  the  carbonic  acid 
is  abstracted  ; but  a portion  remains  in  combination  with 
the  potash  or  soda,  which  the  lime  cannot  abstract.  The 


* One  of  the  most  striking  examples  of  this  is  to  be  found 
in  the  substance  named  Minium,  or  red  oxide  oflead.  Though 
possessed  of  properties  perfectly  uniform  and  characteristic, 
and  though  apparently  of  definite  composition,  it  is  held  to  be 
not  a direct  compound  of  the  elements  it  affords,  lead  and 
oxygen,  but  a mixture  or  compound  of  the  yellow  and  the 
brown  oxide  of  lead.  The  yellow  oxide  is  regarded  as  a com- 
pound of  one  atom  oflead  and  one  of  oxygen;  the  brown  oxide, 
from  the  proportion  of  oxygen  it  contains,  compared  with  the 
other,  must  be  held  to  be  a compound  of  one  atom  oflead  and 
two  of  oxygen.  The  red  oxide  of  lead  is  of  intermediate  com- 
position ; and  to  avoid  the  absurdity  of  admitting  atom  of 
oxygen,  it  is  held  to  be  not  a compound  of  lead  and  oxygen, 
but  of  the  yellow  and  the  brown  oxides.  A similar  assumption 
must  be  made  with  regard  to  some  other  metallic  oxides.  But 
it  is  obvious  that  this  is  without  the  slightest  foundation,  and 
is  indeed  a mere  verbal  distinction  framed  to  obviate  the  diffi- 
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compound  operated  on,  the  subcarbonate  as  it  is  called,  is 
that  which  according  to  the  atomic  hypothesis  consists  of 
one  atom  of  potash  and  one  of  carbonic  acid  ; of  course 
any  remaining  compound  must  consist  of  an  atom  of  potash 
with  less  than  an  atom  of  carbonic  acid,  which  is  an  ab- 
surdity. And  if,  to  obviate  this,  a different  view  of  the 
composition  were  given, — if  the  subcarbonate  w'ere  sup- 
posed to  consist  of  one  atom  of  potash  with  two  atoms  of 
carbonic  acid,  so  as  to  admit,  in  the  progress  of  the  de- 
composition, of  its  reduction  to  a compound  composed  of 
one  atom  of  each,  it  is  no  such  definite  compound  as  this 
that  does  remain,  but  one  with  a much  smaller  quantity  of 
carbonic  acid  ; and  a portion  remains  at  length  so  minute, 
that  regarding  it  as  in  combination  with  the  potash,  no 
view  that  can  be  given  will  bring  it  under  the  hypothesis. 
It  is  therefore  necessary  to  maintain,  that  a portion  mere- 
ly of  the  subcarbonate  remains  undecomposed  along  with 
the  solution  of  the  potash.  But  this  is  assumed  on  no  just 
ground.  Since  the  lime  abstracts  the  carbonic  acid  from 
one  part  of  the  subcarbonate  of  potash,  it  must  equally 
abstract  itfrom  the  other;  and  there  is  no  cause  whence  one 
part  of  the  compound  should  be  decomposed,  and  the  other 
not,  when  the  whole  is  equally  submitted  to  action. 

A similar  illustration  may  be  derived  from  many  cases 
of  decomposition,  in  which  a volatile  substance  is  expelled 
by  heat,  but  in  which  a minute  portion  of  it  remains  with 
the  fixed  substance,  inferior  to  the  smallest  relative  quan- 
tity in  which,  according  to  the  hypothesis,  it  can  be  sup- 
posed to  combine  with  the  other.  Examples  of  this  are 
to  be  found  in  the  expulsion  of  carbonic  acid  from  bases 
with  which  it  is  combined,  or  in  the  volatilization  of  water 
from  certain  saline  compounds.  The  expulsion  of  hydro- 
gen from  charcoal  in  its  common  state  of  preparation  af- 
fords one  still  more  striking.  It  continues  to  be  expelled 
according  to  the  degree  of  heat  applied  ; numerous  suc- 
cessive portions  arc  thus  abstracted,  which  at  the  different 
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stages  of  temperature  would  have  remained  in  combina- 
tion ; and  at  the  utmost  intensity  of  heat  a minute  portion 
is  still  retained,  which  has  been  estimated  not  to  exceed 
one  part  in  100  of  charcoal.  Now,  considering  the  relative 
weight  of  an  atom  of  hydrogfen  and  that  of  an  atom  of  car- 
bon, the  base  of  charcoal,  and  considering  also  the  known 
definite  compounds  in  which  these  elements  exist,  such  a 
number  of  atoms  of  carbon  must  be  held  to  be  in  union 
with  an  atom  of  hydrogen  in  these  combinations  as  cannot 
be  brought  under  the  laws  of  the  atomic  hypothesis,  and 
this  too  without  any  connection,  by  the  intermediate  multi- 
ples, with  the  known  compounds.  It  must  beheld,  there- 
fore, that  the  hydrogen  is  not  chemically  combined  with 
the  carbon.  Yet  the  proof  of  combination  is  as  conclus- 
ive as  that  of  any  other  combination  of  an  aeriform  with  a 
solid  body  ; and  the  attraction  producing  it  is  even  power- 
ful, as  is  evident  from  the  intensity  of  heat  required  to 
overcome  it,  and  from  its  being  even  from  the  highest  heat 
only  partially  overcome. 

There  are  many  examples,  more  particularly  in  the  com- 
pounds of  the  mineral  kingdom,  and  in  those  formed  in 
the  vegetable  and  animal  systems,  in  which  an  ingredient 
is  present  in  very  minute  quantity,  but  still  is  uniformly  so, 
proving  that  it  is  essential  to  the  composition.  In  such 
cases,  if  bodies  are  supposed  to  combine  atom  with  atom 
individually,  or  one  atom  with  two,  three,  or  four,  so  large 
a number  of  atoms  of  one  of  the  elements  must  be  held  to 
be  combined  with  one  atom  of  the  other,  as  to  exceed  ail 
probability  ; sometimes,  for  example,  the  relation  necessa- 
ry to  be  inferred  being  that  of  one  atom  to  100,  200,  or 
even  a greater  number  *. 

* Graphite  or  native  carburet  of  iron  affords  an  example. 
It  is  sometimes  found  with  so  small  a proportion  of  iron  as  3 in 
100  parts.  And  from  the  relative  combining  weights  of  iron 
and  carbon,  it  must  be  inferred  from  this  that  one  atom  of  iron 
is  combined  with  250  atoms  of  carbon. 


148 


OF  CHEMICAL  ATTRACTION' 


Lastly,  a number  of  combinations  have  been  discovered, 
'in  which  from  the  proportions  and  the  equivalent  weights, 
it  follows,  that  one  atom  of  the  one  body  is  not  combined 
with  one  or  witli  two  atoms  of  the  other,  but  with  the  in- 
termediate proportion  of  one  and  a half,  an  absurdity  which 
evidently  cannot  be  maintained.  In  some  of  these  cases, 
the  difficulty  can  be  obviated  by  supposing  that  a lower 
proportion  exists,  (though  the  actual  compound  is  un- 
known,) and  that  the  series  is  that  of  one,  two,  three.  But 
there  are  others,  to  which,  from  the  relative  equivalent 
weights,  even  this  assumption  cannot  be  applied. 

So  many  cases,  indeed,  of  this  kind,  and  of  those  in- 
volving the  other  difficulties  now  illustrated,  have  occurred, 
that  to  obviate  them,  the  defenders  of  the  atomic  hypothe- 
sis have  admitted  that  combinations  may  exist  of  two  atoms 
with  three,  with  four,  &c.  But  this  admission  is  to  relin- 
quish the  leading  principle  of  the  system,  and  to  admit  the 
opposite  doctrine,  that  attraction  may  be  exerted  not  from 
atom  to  atom  individually,  or  from  one  to  two,  three,  &c. 
but  from  a certain  number  of  atoms  of  one  body  to  a cer- 
tain number  of  atoms  of  another;  for  if  such  combinations 
as  those  of  two  with  three,  or  two  with  four,  are  establish- 
ed, to  the  exclusion  of  the  more  simple  combinations  of 
one  with  one,  one  with  two,  &c.,  then  certainly  there  is 
nothing  to  prevent  the  conclusion,  that  they  may  exist  in 
the  relation  of  four  with  five,  six  with  eight,  or  any  other 
possible  proportion  whatever.  It  is  also  to  relinquish  the 
sole  advantage  which  the  atomic  hypothesis  claims, — that 
of  assigning  a cause  for  the  uniformity  of  these  relations; 
for  no  reason  can  be  assigned  why  two  atoms  of  a body' 
should  combine  with  three  of  another,  more  than  why 
seven  should  combine  with  ten  or  any  other  number. 

Some  of  these  difficulties  may  perhaps  be  obviated  in  the 
progress  of  the  science.  There  is,  in  particular,  one  im- 
portant modification  of  the  general  doctrine,  which  I shall 
afterwards  endeavour  to  shew  lalls  to  be  established  on 
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sufficient  evidence, — that  the  definite  proportions  with  sim- 
ple arithmetical  ratios,  in  which  attraction  is  exerted  be- 
tween bodies,  are  much  more  numerous  than  those  which 
give  rise  merely  to  the  few  insulated  binary  compounds 
which  bodies  in  general  form,  and  w'hich  have  hitherto 
been  observed.  By  the  admission  of  this  some  of  the  most 
important  of  these  difficulties  may  perhaps  be  removed. 
But  still  the  atomic  doctrine  will  remain  an  hypothesis,  in- 
capable of  being  established  by  any  direct  evidence,  and 
involving  all  the  disadvantages  of  a hypothetical  system. 

A body  enters  into  chemical  combination  in  a certain 
relative  quantity  to  others,  or  in  a simple  multiple  of  that 
quantity.  This  is  all  that  is  established  : it  is  a relation 
of  the  very  first  importance  j and  the  expression  of  it  ought 
to  be  distinct  from  all  hypothesis,  and  from  all  theoretical 
terms.  The  term  combining  quantity  may  be  employed  as 
perhaps  the  most  accurate ; as  it  denotes  simply  the  re- 
lative quantity,  specific  with  regard  to  a body,  in  which  it 
enters  into  combination  with  others;  and  the  multiples  of 
It  may  be  expressed  by  saying  the  second,  third,  or  fourth 
combining  quantity.  Or,  as  this  quantity  is  equivalent  to 
certain  quantities  in  others,  the  term  equivalent,  or  equi- 
valent quantity,  which  has  also  been  introduced,  may  be 
received  ; and  the  multiples  of  it  may  be  expressed  by  say- 
ing two,  three,  or  more  equivalents.  The  hypothetical 
terms  of  atom  in  the  system  of  Dalton,  and  volume  in  that 
of  Berzelius,  are  synonymous  with  this.  The  term  pro- 
portion cannot  be  admitted,  as  it  has  been  established  in 
chemical  language  in  a different  signification. 

The  labours  of  chemists  have  of  late  years  been  much 
devoted  to  the  prosecution  of  this  important  subject,  and 
the  relations  in  the  combining  quantities  of  a great  num- 
ber of  bodies  have  been  determined.  The  results  have  been 
presented  under  different  modifications.  It  is  obvious,  that 
to  represent  these  quantities  by  numbers,  a standard  must 
be  assumed  to  which  they  may  be  referred.  Mr  Dalton, 
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from  the  consideration  that  hydrogen  is  the  element  which 
enters,  so  far  as  is  known,  in  smallest  quantity  into  combi- 
nations, selected  it  as  the  standard,  stating  the  weight  of 
its  atom  in  other  words  its  combining  quantity)  as  unity  ; 
And  considering  water  as  composed  of  one  atom  of  hydro- 
gen with  one  of  oxygen,  the  number  representing  oxygen  is 
of  course,  from  the  relative  quantities  in  which  they  com- 
bine, 7.5.  Sir  H.  Davy  followed  Dalton  in  adopting  hy- 
drogen as  the  standard ; but  from  the  circumstance  that 
two  volumes  of  hydrogen  gas  combine  with  one  volume  of 
oxygen  gas  to  form  water,  he  considered  the  compound  as 
composed  of  two  proportions  of  the  one  to  one  of  the  other  : 
this  therefore  doubled  the  number  representing  oxygen, 
and,  of  course,  the  numbers  representing  the  greater  num- 
ber of  substances  with  which  it  combines, — a modification 
which,  in  this  case,  or  in  other  cases  of  gases  combining  in 
simple  proportions  estimated  by  volume,  might  be  consider- 
ed as  having  some  advantage,  as  in  some  measure  express- 
ing a fact,  but  wdiich,  as  extended  to  other  combinations, 
rests  entirely  on  the  arbitrary  assumption,  that  equal  vo- 
lumes of  gases  contain  the  same  number  of  atoms.  Dr 
Wollaston,  from  the  consideration  that  oxygen  is  the  cle- 
ment which  enters  most  extensively  into  combination,  and 
which  therefore  is  capable  of  affording,  in  the  most  direct 
manner,  the  quantities  to  be  assigned  to  the  greatest  number 
of  bodies,  selected  it  as  the  standard,  stating  it  at  10.  Ber- 
zelius also  assumed  it  as  the  standard,  stating  it  at  100. 

The  reason  which  induced  Mr  Dalton  to  select  hydro- 
gen, that  it  is  the  element  which  enters  into  combinations 
in  the  smallest  quantity,  has  some  weight,  as  this  undoubt- 
edly affords  the  most  simple  and  natural  basis  of  the  scale. 
But  this  is  more  than  counterbalanced  by  the  peculiar 
advantages  attending  the  other  : oxygen,  as  has  been  re- 
marked, is  the  element  which  enters  into  the  greatest  num- 
ber of  combinations  : hence  the  numbers  of  all  the  bodies 
with  which  it  unites  may  be  directly  inferred  from  the  pro- 
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portions  in  those  combinations,  while  hydrogen  unites 
with  very  few  bodies,  and  the  numbers  in  reference  to 
it  can  only  be  found,  therefore,  in  indirect  modes.  An 
important  objection,  too,  exists  to  hydrogen,  indepen- 
dent of  this,  that  taking  it  as  the  unit,  assigns  frac- 
tional numbers  to  almost  all  other  bodies.  These  reasons 
seem  sufficient  to  give  the  preference  to  oxygen.  In  se- 
lecting it,  the  number  assigned  by  Dr  Wollaston  is,  on 
the  whole,  the  most  convenient  one.  To  take  1,  as  some 
chemists.  Dr  Thomson  in  particular,  have  done,  is  more 
simple;  but  by  taking  10,  there  is  the  advantage,  that  for 
those  bodies  whose  combining  quantities  are  below  oxygen, 
such  as  hydrogen  and  carbon,  integral  numbers  are  given, 
though  in  some  of  them  with  fractional  parts,  while  in  the 
other  they  are  all  fractional.  The  number  of  100  taken 
by  Berzelius  is  unnecessarily  high,  and  renders  nearly  all 
the  other  numbers  inconveniently  so.  It  is  very  desirable 
that  chemists  should  refer  to  one  standard  without  any 
variation  : that  of  Dr  Wollaston  is  on  the  whole  prefer- 
able to  any  other ; and  it  is  farther  recommended  by  the 
convenience  derived  from  his  sliding  scale  of  chemical  equi- 
valents, which  is  adapted  to  it. 

There  will  be  found,  at  the  end  of  this  chapter,  the  table 
of  Dalton,  which,  although  it  admits  of  corrections,  from 
more  accurate  results  of  recent  analyses,  is  interesting  in 
some  measure  as  the  one  originally  given ; and  also  the  table 
on  which  Dr  Wollaston’s  scale  of  chemical  equivalents  is 
founded,  this  being  in  fact  a scale  of  combining  quantities. 
The  former  is  in  relation  to  hydrogen  as  1,  the  other  to 
oxygen  as  IG,  taken  as  a standard.  The  numbers  on  the 
one  scale  are  easily  reduced  to  those  in  the  other.  To 
convert  those  of  Wollaston  into  those  of  Dalton,  multiply 
the  number  in  the  former  by  7,  and  divide  by  10.  To 
convert  those  of  Dalton  into  those  of  Wollaston,  multiply 
the  number  in  the  former  by  10,  and  divide  by  7.  From 
the  most  accurate  estimate,  however,  of  the  proportions  of 
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the  elements  of  water,  on  which  the  relation  in  quantity 
between  oxygen  and  hydrogen  is  inferred,  7.5  is  the  num- 
ber which,  according  to  Dalton’s  scale,  ought  to  be  assign- 
ed to  oxygen,  rather  that  of  7,  which  is  the  number  he 
assigns  ; an^  accordingly  the  numbers  referred  to  his  stan- 
dard are  by  some  chemists  given  conformable  to  this.  To 
these  tables  1 have  also  added  one  given  by  Berzelius  *, 
It  refers  to  oxygen  as  a standard,  stating  its  number  at 
100;  and  differs  in  its  construction,  therefore,  from  that 
of  Wollaston  only  in  the  decimal  point. 

Sometimes  the  numbers  assigned  on  different  authorities 
do  not  strictly  correspond,  independent  of  the  apparent 
difference,  from  the  standard  referred  to.  This  arises  from 
two  causes.  One  is  the  variation  in  the  results  of  analysis, 
so  that  from  different  proportions,  different  numbers  must 
be  assigned.  Thus,  in  the  composition  of  water,  one  pro- 
portion which  has  been  given  is  that  of  87.4  of  oxygen  and 
12.6  of  hydrogen ; another  is  88.3  of  oxygen  and  1 J .3  ofhy- 
drogen.  According  to  the  former,  the  number  belonging  to 
oxygen  is  to  hydrogen  as  7 to  1,  according  to  the  other  it 
is  / .5.  Such  differences  will  gradually  be  removed  as  the 
experimental  results  arc  determined  with  more  precision. 
Another  cause  of  diversity  arises  from  the  point  of  view 
under  which  the  combination  of  two  bodies  is  considered. 
The  one  may  be  held  to  be  in  the  relation  to  the  other  of 
one  atom  to  one,  or  of  one  atom  to  two  atoms,  or  con- 
veisely  in  that  of  two  atoms  to  one,  that  is,  expressing  the 
fact,  independent  of  any  hypothesis,  the  one  may  be  con- 
sidered in  combination  with  the  other  in  its  lowest  pro- 
portion, or  in  a multiple  of  this,  the  lowest  being  perhaps 
unknown,  though  there  may  be  some  grounds  to  believe  it 
exists,  as  in  like  manner  the  other  body  may  be  in  one  or 
other  of  these  relations.  Now  in  these  cases  the  numbers 
assigned  will  be  different.  But  this  arises  merely  from  the 
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uncertainty  with  regard  to  the  series  of  combinations ; and 
the  difference  must  be  that  only  of  taking  half  or  double 
of  a certain  number  in  the  one  case  from  what  is  taken  in 
the  other. 

From  the  results  of  the  investigations  on  this  subject,  it 
appears  that  certain  relations  exist  between  the  combining 
quantities  of  bodies  and  their  chemical  constitution.  Those 
of  the  metals,  for  example,  are  usually  large,  that  is,  the  sub- 
stances of  this  class  enter  in  large  proportions,  compared 
with  other  bodies,  into  the  compounds  they  form.  No  com- 
pound, for  example,  of  a metal  with  oxygen  is  known,  in 
which  the  oxygen  exceeds  the  metal ; in  all  of  them  the 
reverse  is  the  case  generally  to  a considerable  amount.  The 
combining  quantities  of  inflammables  are  less.  Those  of 
compounds  too  are  greater  than  those  of  their  elements,  as 
is  conspicuous  in  acids  or  in  alkalis  compared  with  their 
elements,  or  in  compound  salts  compared  with  the  acid  or 
base  of  which  they  are  formed.  At  the  same  time,  these 
relations  are  not  perfectly  strict,  and  there  are  many  cases 
in  which  the  combining  quantities  of  bodies,  extremely  dif- 
ferent in  their  chemical  constitution,  are  nearly  the  same. 

The  laws  which  have  now  been  illustrated,  are  of  the  great- 
est importance  in  chemical  science,  and  have  given  it  in 
some  measure  a new  aspect.  They  introduce  calculation  to 
the  aid  of  experiment,  both  in  leading  to  investigation,  and 
in  correcting  the  errors  or  supplying  the  deficiencies  of 
analysis.  Thus,  from  our  knowledge  of  the  arithmetical 
ratio  existing  between  the  different  proportions  in  which 
a body  combines  with  another,  it  may  with  reason  be  pre- 
sumed, if  in  any  of  these  combinations  analysis  has  as- 
signed a proportion  approaching  to,  but  not  altogether 
conformable  to  this,  that  the  deviation  arises  from  inac- 
curacy, and  the  proportion  inferred  by  calculation  may 
be  assigned.  The  same  law  may  sometimes  indicate  a 
knowledge  of  compounds, — as,  for  example,  where  a series 
of  compounds  of  two  bodies  exist,  in  which  one  of  them  is 
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present  in  the  ratio  of  one,  two,  four,  it  may  with  proba- 
bility be  inferred,  that  a compound  also  exists  in  the  inter- 
mediate ratio  of  three,  and  a more  strict  examination  may 
discover  it.  The  relation  of  the  combining  quantities  of 
bodies  admits  of  a still  more  extensive  application  to  the 
discovery  of  their  composition  and  combinations  ; for  from 
our  knowledge  of  the  relation  in  which  a body  exists  in 
certain  combinations,  we  discover  that  in  which  it  must 
exist  in  others,  even  through  an  extensive  series  of  sub- 
stances ; and  may  assign  even  its  precise  proportion.  We 
are  thus  enabled,  by  equivalent  numbers,  to  apply  results 
which  admit  of  facility  and  precision  to  others,  which  are 
attended  with  difficulty  and  error.  It  is  only  necessary  to 
guard  against  the  too  extensive  application  of  the  prin- 
ciple, independent  of  actual  investigation,  and  to  keep  the 
results  of  calculation  always  subordinate  to  those  of  expe- 
riment. 

There  are  some  subordinate  rules  connected  more  or 
less  strictly  with  these  relations,  which  are  of  importance 
in  these  applications. 

The  law  pointed  out  by  Gay-Lussac  already  illustrat- 
ed, that  gases  combine  in  simple  proportions  by  volume, 
is  obviously  one  of  this  kind,  and  it  affords  a very  impor- 
tant principle  in  investigating  the  constitution  of  gaseous 
compounds. 

The  law  announced  bv  Richter,  which  has  also  been 
noticed,  that  when  two  neutral  salts  produce  mutual  decom- 
position, the  two  new'  salts  which  are  formed  are  equally 
neutral,  depends  on  the  relation  in  the  combining  quan- 
tities of  the  respective  acids  and  bases  producing  neutrali- 
zation, and  affords  the  most  important  aid  to  experiment 
in  determining  the  composition  of  neutral  salts.  This  ap- 
plication of  it  will  fall  to  be  considered  more  at  length  un- 
der this  subject. 

Richter  announced  another  general  fact,  that  when  a me- 
tallic salt  is  decomposed  by  another  metal,  and  the  metal 
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of  the  former  is  precipitated,  the  oxygen  and  the  acid  are 
equally  transferred  to  the  new  metal,  forming  a new  salt, 
in  which,  whatever  may  be  the  quantity  of  metal,  the 
oxygen  and  acid  retain  the  same  proportion.  Gay-Lus- 
sac hence  expressed  the  general  law, — that  the  quantity  of 
acid  in  metallic  salts  is  directly  proportional  to  the  oxygen 
in  the  base  of  the  salt ; and  as  the  fixed  alkalis  and  the 
earths  are,  strictly  speaking,  metallic  oxides,  this  applies  to 
the  whole  of  these  bases,  and  the  application  of  it  facili- 
tates the  investigation  of  almost  all  saline  compounds.  Lo 
this  Berzelius  has  added  another,— tliat  the  quantity  of 
oxygen  in  the  base  and  that  in  the  acid  have  a certain 
simple  relation,  being  either  equal,  or  the  oxygen  in  the 
acid  being  double,  three,  or  four  times  the  quantity  in  the 
base : or,  expressing  it  more  generally.  When  two  bodies 
enter  into  combination,  each  containing  oxygen,  the  quan- 
tity of  oxygen  in  the  one  is  always  a multiple  by  a whole 
number  of  that  in  the  other.  The  application  of  these  laws 
will  be  considered  under  the  general  statement  of  the  com- 
position of  saline  compounds,  the  subject  with  which  they 
are  more  peculiarly  connected. 

In  the  practical  application  of  the  law  of  arithmetical 
proportions  in  chemical  combinations,  and  of  the  relation 
of  the  combining  quantities  of  bodies,  great  advantage  is 
derived  from  an  instrument  contrived  by  Dr  Wollaston, 
what  he  has  named  the  Scale  of  Chemical  Equivalents. 
It  consists  of  a scale  of  numbers  on  the  principle  of  Gun- 
ter’s scale,  moveable,  so  that  any  number  can  be  placed 
opposite  the  names  of  a series  of  substances  in  an  adjoin- 
ing column,  arranged  in  the  order  of  their  relative  com- 
binino-  weights,  in  such  a manner  that  the  number  de- 
noting  the  combining  weight  of  a body  being  placed  op- 
posite to  its  name,  10,  for  example,  opposite  to  oxygen, 
the  numbers  expressing  the  combining  quamities  of  others 
will  be  found  opposite  to  their  names.  It  thus  shews,  too, 
the  equivalent  combining  quantities  of  all  bodies  with  re- 
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gard  to  each  other,  whatever  proportions  be  employed ; 
for,  supposing  a number  denoting  a certain  quantity  to 
be  placed,  by  means  of  the  slider,  opposite  to  the  name  of 
a body,  25,  for  example,  opposite  to  oxygen,  then  the 
quantities  of  the  others  equivalent  to  this  will  be  found 
opposite  to  their  names.  This  instrument  is  delineated, 
Plate  VI.  Its  mode  of  construction  will  be  explained  un- 
der the  statement  of  the  Table  of  combining  quantities,  on 
which  it  is  founded,  at  the  end  of  the  chapter. 

By  this  instrument  a number  of  important  results  are  ob- 
tained by  mere  inspection.  If  it  is  wished,  for  example, 
to  know  what  quantity  of  one  body  combines  wdth  an- 
other, it  is  shewn  by  the  respective  numbers  which  will  be 
found  opposite  their  names.  If  the  composition  of  any 
compound,  with  regard  to  the  proportions  of  its  elements, 
is  to  be  determined,  the  slider  is  to  be  so  placed  that  the 
number  100  is  opposite  to  its  name,  and  the  respective 
quantities  of  the  ingredients  will  be  found  opposite  to  their 
names  j or  if  it  is  wished  to  know  the  proportions  in  any 
other  quantity  than  that  of  100,  by  placing  the  number 
denoting  this  quantity  opposite  to  the  name  of  the  com- 
pound, they  will  be  in  like  manner  found.  If  a com- 
pound is  to  be  decomposed  by  the  agency  of  a substance 
exerting  an  attraction  to  one  of  its  ingredients,  on  placing 
a number  denoting  a certain  quantity,  suppose  100  of  the 
compound,  opposite  to  its  name,  the  quantity  required  of 
the  decomposing  substance  will  be  indicated  in  a similar 
manner,  and  the  quantity  of  the  new'  compound  which  it 
forms  will  be  found  by  the  number  opposite  to  its  name. 
All  these  results  may  equally  be  obtained  from  the  scale 
in  the  plate,  by  reducing  the  numbers  to  any  required 
standard  by  the  common  rule  of  proportion.  But  the 
convenience  of  the  instrument  itself  is,  that  it  exhibits 
them  by  the  movement  of  the  slider,  without  any  calcula- 
tion ; and  hence  the  facilities  it  affords  in  practical  che- 
mistry. 
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II.  Of  the  limits  to  attraction  with  regard  to  the  num- 
ber of  substances  which  may  be  brought  into  simultaneous 
combination. 

Chemical  attraction  is  not  equally  exerted  among  a 
number  of  substances  placed  within  the  sphere  of  action, 
so  as  to  cause  them  to  pass  uniformly  into  combination. 
With  regard  to  this  certain  limits  are  observed,  which  di- 
versify the  states  of  union. 

If  three  substances  are  placed  within  the  sphere  of  che- 
mical action,  it  generally  happens  that  two  of  them  com- 
bine, to  the  exclusion  of  the  third ; or  sometimes  one  is 
combined  with  each  of  the  others,  being  divided  between 
them  in  proportions  determined  by  their  affinities  and 
quantities,  so  as  to  form  two  distinct  compounds.  In  some 
cases,  however,  instead  of  either  of  these  varieties  of  com- 
bination, the  three  substances  have  their  affinities  mutual- 
ly balanced,  in  such  a manner  that  they  enter  into  simul- 
taneous combination.  Even  four,  five,  or  perhaps  more 
substances  may  thus  be  combined.  Such  combinations 
are  named  Ternary,  Quaternary,  &c.  according  to  the 
number  of  their  constituent  parts. 

Of  these  combinations  there  are  numerous  examples  a- 
mong  the  metals.  If  three  or  four  metals  be  fused  toge- 
ther, they  often  unite,  and  form  one  uniform  compound. 
We  have  also  frequent  examples  of  ternary  combinations 
among  saline  compounds,  one  acid  being  saturated  by  tlie 
joint  action  of  two  bases.  Nature,  too,  presents  us  with 
a number  of  such  compounds.  Mineral  substances  usual- 
ly consist  of  three,  four  or  five  ingredients.  Nearly  all 
the  substances  belonging  to  the  vegetable  kingdom  are 
composed  of  at  least  three  principles  ; and  the  composi- 
tion of  the  animal  products  is  still  more  complicated,  four 
or  five  principles  being  combined  in  their  formation. 

These  combinations  appear  to  take  place  principally  a- 
mong  bodies  having  mutual  attractions,  which,  under  gi- 
ven circumstances,  are  nearly  of  the  same  force,  and  where 
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the  binary  compounds  they  would  form  do  not  differ  much 
from  each  other  in  cohesion,  or  the  other  qualities  which 
influence  combination.  Did  the  attraction  of  one  ingre- 
dient to  any  of  the  others  much  exceed  their  mutual  affi- 
nities, it  would  probably  give  rise  to  an  insulated  binary 
compound  ; or  did  the  force  of  cohesion  or  elasticity  ope- 
rate with  much  energy  on  any  of  the  substances  in  their 
mutual  binary  combination,  this  might  modify  the  reci- 
procal action.  But  where  neither  of  these  circumstances 
is  present,  the  affinities  may  be  balanced,  and  give  rise  to 
one  combination.  Hence,  probably,  their  formation  more 
peculiarly  in  the  vessels  of  vegetables  and  animals,  where, 
from  the  constant  motion  and  agitation  to  which  they  are 
subjected,  the  compression  under  which  they  are  placed, 
and  the  smallness  of  the  mass  in  which  the  affinities  ope- 
rate, the  circumstances  of  cohesion,  elasticity  and  quantity 
are  prevented  from  operating,  and  an  equilibrium  of  affi- 
nities is  more  easily  established. 

There  is  another  point  of  view  under  which  these  com- 
binations may  be  considered.  When  three  elements  are 
present,  it  may  be  supposed  that  they  are  not  in  direct 
combination,  but  that  one  of  them  is  combined  with  a cer- 
tain portion  of  each  of  the  others,  and  that  the  two  com- 
pounds thus  formed  are  combined  together,  forming  wdiat 
may  be  denominated  a Sur-compound  ; and  where  four 
elements  exist,  indeed,  of  simultaneous  combination,  they 
may  in  like  manner  be  combined  two  and  two,  forming 
compounds  in  this  state  of  sur-composition.  It  is  scarce- 
ly possible  to  determine  between  these  two  opinions,  for 
there  is  no  mode  of  discovering  the  state  of  combination. 
It  is  not  improbable  that  in  some  cases  the  one  mode  of 
combination  exists,  in  others  the  other.  This  may  be  in- 
ferred from  the  properties  of  the  compound,  which  seem 
sometimes  to  be  the  modified  properties  of  the  binary  com- 
pounds, in  others  have  no  relation  to  these.  Still  even 
this  evidence  is  not  altogether  conclusive. 
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When  a ternary  compound  is  resolved  by  decomposi- 
tion into  binary  compounds  of  its  elements,  the  combina- 
tions are  in  the  definite  proportions  which  the  elements 
usually  observe,  and  no  excess  of  either  remains.  This 
was  shewn  by  Gay-Lussac*.  The  triple  salt  known  by 
the  name  of  Rochelle  Salt,  the  tartrate  of  potash  and  so- 
da, consists  of  potash,  soda,  and  tartaric  acid  mutually  neu- 
tralized ; and  these  are  in  such  proportions  as  to  consti- 
tute, when  they  are  brought  into  a different  state  of  com- 
bination, the  two  binary  compounds,  tartrate  of  potash, 
and  tartrate  of  soda,  without  any  excess.  The  case  is  pro- 
bably the  same  with  all  triple  neutral  salts,  and  seems  ne- 
cessarily to  be  so  as  a consequence  of  the  relation  in  the 
combining  quantities  of  bodies  ; for  in  a ternary  combina- 
tion containing  two  bases,  each  of  these  will  require  as 
much  of  the  acid  for  its  neutralization  as  it  will  in  the  bi- 
nary combination.  It  may  even  be  extended  to  all  ter- 
nary compounds,  and  it  may  therefore  probably  be  ex- 
pressed as  a general  law,  that  “ in  ternary  combinations, 
the  elements  are  united  in  such  proportions,  that  when 
the  combination  is  subverted,  they  unite  two  and  two,  (one 
of  the  ingredients  in  certain  portions  combining  with  each 
of  the  others,)  and  form  binary  compounds  of  the  same 
definite  composition,  as  they  form  when  they  are  separate- 
ly combined.”  Nor  does  this  at  all  prove  either  of  the 
above  opinions,  the  result  being  equally  conformable  to  the 
principle,  that  the  three  elements  are  in  direct  combina- 
tion in  the  compound,  or  that  it  consists  of  the  two  binary 
compounds. 

When  compounds  containing  four  ingredients  are  de- 
composed by  the  existing  combinations  being  altered  from 
the  elements  entering  into  other  states  of  union  in  diffe- 
rent proportions,  the  new  compounds  are  in  general  equal- 


^ Annales  de  Chimie,  tom.  77  ; Nicolson’s  Journal,  vol.  31. 
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ly  definite,  and  are  formed  without  any  excess  or  defi- 
ciency of  any  of  the  elements.  The  salt  named  nitrate  of 
ammonia  is  composed  of  oxygen  and  nitrogen  in  the 
state  of  nitric  acid,  and  of  hydrogen  and  nitrogen  in  the 
state  of  ammonia;  when  decomposed  by  heat,  it  is  re- 
solved entirely  into  the  two  new  definite  compounds  of 
oxygen  and  nitrogen,  and  oxygen  and  hydrogen,  forming 
water  and  nitrous  oxide ; and  the  whole  is  the  result  of 
the  uniform  relation  of  quantity  in  which  bodies  combine. 

Sometimes,  however,  both  in  ternary  and  quaternary 
compounds,  from  the  diversity  of  proportions  in  which  the 
elements  are  capable  of  combining,  there  may  remain  an 
excess  of  one  of  the  ingredients, — an  example  of  which  is 
to  be  found  in  the  analysis  of  the  vegetable  products,  in 
which  charcoal  very  generally  remains  in  excess. 


Sect.  V. — Of  the  Forces  ^siih  ixhich  Chemical  Atiractiorf 

is  exerted. 

All  the  phenomena  of  chemistry  concur  in  proving, 
that  different  bodies  exert  different  forces  of  affinity  ; and 
could  these  forces  be  accurately  determined,  the  science 
might  rest  on  the  basis  of  calculation.  The  subject  of  the 
present  section  is  therefore  interesting,  though  it  is  at  the 
same  time  somewhat  complicated  and  obscure. 

It  is  first  necessary  to  explain  the  doctrines  of  Single 
and  Double  Elective  Attraction,  the  phenomena  of  which 
have  usually  been  referred  to  the  relative  forces  of  affinity 
exerted  among  bodies.  In  consequence  of  the  attractions 
which  one  body  has  to  others,  numerous  combinations 
may  be  formed  ; but  these  attractions  can  be  so  far  over- 
come, by  those  exerted  by  other  bodies,  that  these  com- 
binations can  be  subverted,  and  the  compounds  formed 
decomposed.  And  this  has  been  supposed  to  arise  from 
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the  attraction  exerted  by  one  body  being  more  powerful 
than  that  exerted  by  another  to  a third. 

If  A have  to  B a force  of  affinity,  which,  under  given 
circumstances,  is  equal  to  6,  they  will  unite,  and  form  the 
compound  AB.  But  it  C,  a third  body,  have  an  attraction 
to  A,  which,  under  the  same  circumstances,  is  equal  to  8 ; 
it  will,  when  presented  to  the  compound  AB,  decompose 
it,  and  form  a new  compound  AC,  and  B will  be  separat- 
ed in  an  uncombined  state.  Decomposition,  it  is  evident, 
would  equally  take  place,  if  C,  instead  of  exerting  a supe- 
“rior  attraction  to  A,  exerted  it  to  B;  these  two  will  com- 
bine, and  A be  separated. 

This  forms  what  the  chemists  have  named  Single  E- 

O 

lective  Attraction.  Every  substance  has  attractions  to- 
wards others,  and  is,  therefore,  capable  of  combining  with 
them.  But  it  does  not  exert  the  tendency  to  combin- 
ation with  the  same  force  to  all ; to  some  it  is  greater 
than  to  others,  and  to  each  it  is  different  in  its  degree. 

If,  therefore,  a body  be  combined  with  one  to  which  it 
has  a weak  affinity,  the  compound  which  is  formed  will  be 
decomposed,  by  the  addition  of  any  other  to  which  it  has 
a stronger  attraction  *,  the  two  combining,  between  which 
the  attraction  is  strongest,  and  excluding  the  other.  Hence 
arises  an  extensive  series  of  decompositions,  and  lienee  is 
derived,  the  power  which  the  chemist  has  of  recovering  the 
substances  he  has  combined  together,  and  of  obtaining  al- 
so the  simple  elements  of  which  the  products  of  nature  are 
formed. 

In  these  cases  of  single  elective  attraction,  there  is  often 
a partition  of  action,  whence  the  decompositions  are  not 
complete.  When  the  compound  AB  is  decomposed,  by  C * 

exerting  an  attraction  to  A,  it  often  happens  that  though 
A is  in  a great  measure  abstracted,  a portion  of  it  remains 
combined  with  B ; and  it  is  principally  where  the  agency 
of  C is  strongly  favoured  by  the  circumstances  influencing 
chemical  action,  that  a complete  decomposition  of  AB 
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will  be  obtained.  Frequently,  too,  the  ingredient  exclud- 
ed, attracts  a portion  of  the  decomposing  substance,  and 
is  from  this  cause  not  obtained  pure. 

When  differences  in  the  relative  forces  of  attraction 
were  observed,  it  was  an  obvious  idea  to  construct  tables 
in  which  they  might  be  represented.  This  was  first  done 
by  Geolfroy,  a French  chemist,  in  1718,  and  the  labours 
of  many  chemists  have  been  directed  towards  correcting 
and  extending  these  tables.  Their  construction  is  simple. 
The  substance,  whose  attractions  are  to  be  enumerated, 
is  placed  at  the  head  of  a column,  and  the  substances  to 
which  it  has  an  attraction  are  placed  beneath  it,  in  the 
order  of  their  relative  forces,  that  to  which  it  has  the 
strongest  attraction  being  immediately  under  it,  the  others 
following  in  this  order,  and  the  one  to  which  it  has  the 
weakest  attraction  of  course  closing  the  column.  Thus 
the  attractions  of  lime  and  of  muriatic  acid  are  represent- 
ed in  the  following  tables. 


Lime. 

Muriatic  Acid. 

Oxalic  acid. 

Barytes. 

Sulphuric  acid. 

Fotash. 

Tartaric  acid. 

Soda. 

Phosphoric  acid. 

Lime. 

Nitric  acid. 

Ammonia. 

Muriatic  acid. 

Magnesia. 

Bergman  undertook  the  task  of  extending  and  correct- 
inc  the  tables  of  elective  attraction  ; and  since  his  time 
some  additions  have  been  made  to  them.  Though  their 
utility  may  be  questioned,  in  their  full  extent,  yet  as  con- 
veying some  information  on  the  order  of  decomposition, 
under  given  circumstances,  in  many  cases  of  chemical  ac- 
tion, I have  inserted  them  at  the  end  of  this  chapter. 
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1 here  remains  to  be  explained  another  case  of  elective 
attraction,  more  complicated. 

On  mixing  together  two  compounds,  it  often  happens 
that  the  combination  of  each  is  subverted ; they  exchange 
their  principles,  and  by  the  new  combinations  into  which 
these  enter,  other  compounds  are  formed.  If  two  bodies, 
A and  B,  have  existed  in  combination  in  one  compound, 
and  other  two  bodies,  C and  O,  in  the  other,  A leaves  B 
and  combines  with  D,  C at  the  same  time  combines  with 
B,  and  the  new  compounds  AD,  CB  are  thus  produced. 
Now,  this  decomposition  of  either  compound  could  not 
have  been  effected  by  the  single  attraction  of  either  of  the 
elements  of  the  other,  but  only  by  their  joint  attraction  ; 
while  these  are  at  the  same  time  modified  by  the  attraction 
the  two  bodies  exert  to  each  other.  The  whole  result  may 
thus  be  illustrated.  If  in  the  compound  AB,  the  force  of 
attraction  exerted  is  equal  to  20,  and  if  the  attraction  of 
A to  D is  equal  to  16,  it  is  obvious  that  no  decomposition, 
will  ensue ; A cannot  leave  B to  enter  into  union  with  D. 
But  suppose  that  D is  united  with  C,  with  a force  of  attrac- 
tion equal  to  7,  and  suppose  that  C has  an  attraction  to  B 
equal  to  12,  then  on  mixing  the  two  compounds  AB,  CD, 
the  decomposition  of  each  will  take  place ; for  the  sum  of 
their  existing  attractions  tending  to  preserve  their  princi- 
ples in  union  is  inferior  to  the  sum  of  those  tending  to  se- 
parate them ; the  former,  the  affinity  of  A to  B and  the  affi- 
nity  of  C to  D,  being  20 -{-7  = 27  j the  latter,  the  affinity  of 
A to  D and  of  C to  B,  being  16-f  12  = 28.  AB,  CD, 
therefore,  are  decomposed,  and  two  new  compounds,  AD, 
CB,  are  formed. 

This  is  what  is  termed,  in  the  language  of  chemistry, 
Double  Elective  Attraction ; two  elective  attractions  beintr 
exerted,  and  two  new  compounds  formed.  Of  the  two 
attractions  which  are  exerted,  the  tendency  of  the  one  is 
to  preserve  the  original  compounds  undecomposed,  that  of 
the  other  is  to  separate  their  principles.  The  former  were 
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named  by  Kirwan,  the  Quiescent ; the  latter,  the  Divellent 
Attractions.  It  is  evident,  that  a double  decomposition 
can  only  be  effected  where  the  sum  of  the  divellent  is  su- 
perior to  that  of  the  quiescent  attractions. 

To  represent  more  clearly  and  concisely  what  passes  in 
these  complicated  attractions,  diagrams  have  been  con- 
structed. The  idea  seems  first  to  have  occurred  to  Dr 
Cullen.  The  one  he  proposed  was,  that  of  two  cylinders 
crossing  each  other  at  the  middle. 


A B 


If  on  mixing  the  compounds  denoted  by  AC,  BD,  the 
attractions  of  A to  B,  and  of  C to  D,  overcome  the  quies- 
cent attractions,  AC,  BD  ; the  resulting  decomposition 
is  represented,  by  supposmg  the  extremities  AB,  CD,  of 
the  cylinders  to  be  brought  together  j by  which  also  the 
production  of  the  two  new  compounds  will  be  denoted  by 
the  conjunction  of  these  letters. 

The  diagram  proposed  by  Bergman  consists  of  two 
brackets  connected  by  straight  lines,  forming  a square,  at 
the  sides  and  corners  of  which,  the  names  of  the  compounds 
and  of  their  ingredients  are  placed,  and  is  better  calcul- 
ated to  represent  the  concomitant  circumstances  of  the  o- 
peration. 
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Muriate  of  Potash. 


Potash. 


32  Muriatic  acid 


Sulphate 

of 

Potash. 


\ 62 


Muriate 
20=82  } of 

Lime. 


Sulphuric  acid 


54 


Lime 


86 


Sulphate  of  Lime. 


Thus  in  the  scheme  which  Bergman  gives,  if  the  two 
compounds,  named  Sulphate  of  Potash,  and  Muriate  of 
Lime,  the  former  consisting  of  sulphuric  acid  and  potash, 
the  latter  of  muriatic  acid  and  lime,  be  mixed  together,  a 
double  decomposition  takes  place,  and  two  new  compounds, 
Muriate  of  Potash,  and  Sulphate  of  Lime,  are  formed. 
This  is  represented  by  placing  on  the  outer  sides  of  the 
two  brackets  the  names  of  the  two  compounds  mixed,  and 
at  the  corners  of  the  brackets  the  names  of  their  ingre- 
dients, so  disposed  that  the  one  acid  shall  be  diagonally 
opposite  to  the  other.  If  the  numbers  expressing  the  re- 
lative force  of  attractions  of  the  principles  of  these  com- 
pounds be  added,  it  will  be  obvious  that  a decomposition 
will  ensue.  The  attraction  between  potash  and  sulphuric 
acid  being  62,  and  that  between  lime  and  muriatic  acid  20, 
the  sum  of  the  quiescent  attractions  is  82.  But  the  attrac- 
tion between  potash  and  muriatic  acid  being  32,  and  that 
between  sulphuric  acid  and  lime  54,  the  sum  of  the  divel- 
lent  attractions  is  86.  These,  therefore,  will  operate  with 
effect ; the  muriatic  acid  and  the  potash  will  combine  to- 
gether, as  will  the  sulphuric  acid  and  the  lime;  and  the 
names  of  the  resulting  compounds,  muriate  of  potash  and 
sulphate  of  lime,  are  placed  without  the  straight  lines,  by 
which  the  brackets  are  connected. 
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To  represent  a single  elective  attraction,  the  same  figure* 
is  used,  with  one  bracket,  as  in  this  diagram. 


Nitrate 

of 

Potash. 


' 

Nitric  acid. 

* 18  A 

Potash  20  Sulphuric  Acid. 
” '■  ■ — ■■  ■■  ■ 
Sulphate  of  Potash. 


Where  the  quiescent  attractions  are  superior  to  the 
divellent,  and  no  decomposition  takes  place,  the  scheme 
consists  of  two  unconnected  brackets,  with  the  names  of 
the  compounds  at  each  side,  and  of  their  ingredients  at 
each  corner;  the  numbers,  denoting  the  forces  of  attrac- 
tion, being  interposed. 


Potash  62  Sulphuric  Acid* 


Muriate 

of  \ 32 
Potash. 


Muriatic  Acid  20 
82 


54=86 

Lime 


Sulphate 

of 

Lime. 


1 

J 


By  some  additions  various  circumstances  connected  with 
these  decompositions  are  represented.  Tlius,  it  frequent- 
ly happens,  that  one  or  both  of  the  new  compounds  are  in- 
soluble, and  consequently  fall  down.  This  is  denoted  by 
bending  downwards  in  the  middle,  the  line  placed  between 
the  substance  and  the  square,  as  in  diagram  2,  where  the 
undermost  line  is  bent  down  to  shew  that  the  Sulphate  of 
Lime  is  precipitated.  If  one  of  the  substances  be  volatiliz- 
ed or  sublimed,  the  line  is  bent  upw'ards  in  the  middle,  as 
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in  diagram  3,  where  the  upper  line  is  drawn  in  this  man- 
ner to  shew  that  the  Nitric  Acid  is  volatilized.  If  they 
are  neither  precipitated  nor  volatilized,  the  brackets  are 
connected  by  straight  lines.  The  circumstances  under 
which  the  decomposition  takes  place  are  also  pointed  out. 
Sometimes  it  is  effected  by  the  substances  being  dissolved 
by  water,  sometimes  by  the  application  of  heat  to  them  in 
the  solid  state.  Bergman  distinguished  this,  by  insert- 
ing in  the  middle  of  the  diagram  a triangle.  A,  which  was 
the  old  chemical  sign  for  fire,  to  denote  that  the  decom- 
position was  effected  in  the  dry  way,  or  by  the  application 
of  heat  j and  an  inverted  triangle,  v>  the  sign  for  water,  to 
point  out  when  it  was  done  in  a watery  solution.  The 
same  method  is  still  used,  the  symbols  only  having  been 
changed,  a perpendicular  line  J being  that  for  caloric  or 
heat,  and  the  compound  figure,  for  water.  To  facili- 
tate the  construction  of  such  diagrams,  all  the  chemical 
agents  have  been  distinguished  by  particular  symbols. 

The  important  general  fact  attending  these  decompositions 
has  been  shortly  noticed  at  the  end  of  the  preceding  sec- 
tion,— that  the  state  of  neutralization  remains  unchanged. 
If  two  compounds,  in  each  of  which  the  ingredients  are 
combined  to  the  point  of  neutralization,  are  mixed  together, 
and  a double  decomposition  ensues,  the  two  new  com- 
pounds which  are  formed  are  equally  neutral,  (at  least  un- 
less one  of  them  has  a very  strong  tendency  to  form  with 
an  excess  of  acid  or  of  base.)  This  shews  such  a relation 
between  the  proportions  of  the  substances  and  their  power 
of  producing  neutralization,  that  the  quantity  of  one  which 
neutralizes  the  base  with  which  it  is  combined  in  the  one 
compound,  will,  when  transferred  to  the  base  of  the  other, 
neutralize  the  quantity  of  it  which  the  ingredient  detached 
from  it  had  neutralized;  while  this,  on  the  other  hand, 
will  be  equally  capable  of  neutralizing  the  quantity  of  base 
with  which  the  other  had  been  combined.  It  is  a conse- 
quence of  the  relation  in  the  combining  quantities  of  bodies 
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already  illustrated,  and  it  leads,  as  is  afterwards  to  be 
stated,  to  an  accurate  method  of  determining  the  compo- 
sition of  saline  compounds. 

Such  are  the  doctrines  of  sin<;le  and  double  elective  at- 
traction,  as  they  were  delivered  by  Bergman,  and  gene- 
rally received  by  chemists.  A different  view  was  given 
by  Berthollet  of  these  changes,  which  remains  to  be  ex- 
plained. 

In  Bergman’s  theory,  affinity  is  regarded  as  an  invari- 
able force  producing  combination  ; and  decomposition  is 
the  consequence  merely  of  the  predominance  of  stronger 
over  weaker  attractions.  The  strength  of  attraction  may 
therefore  be  inferred  from  the  order  of  decomposition.  In 
the  theory  of  Berthollet,  the  changes  are  referred  to  the 
operation  of  those  circumstances  by  w'hich  attraction  is 
influenced.  If  the  substances  which  act  on  each  other  be 
liquid,  or  be  soluble  in  the  fluid  which  is  the  medium  of 
action,  and  if  the  compounds  they  form  have  no  great  co- 
hesion or  insolubility,  no  evident  change  appears  when 
they  are  mixed,  there  is  a mutual  saturation,  and  the  op- 
posing substances,  it  is  conceived,  remain  united,  forming 
an  individual  combination,  in  which  the  forces  are  balan- 
ced. But  if,  on  any  of  the  parts  of  such  a combination, 
the  force  of  cohesion  or  insolubility,  or  the  power  of  elas- 
ticity operate  with  energy,  these  external  forces  subvert 
the  balance,  give  rise  to  separations,  and  hence  are  the 
real  cause  of  the  results  which  in  the  other  theory  are  as- 
cribed to  the  predominance  of  divellent  over  quiescent  af- 
finities. 

The  eifect  of  chemical  combination  is  condensation.  If 
substances  are  placed  within  the  sphere  of  mutual  action, 
which  in  combining  with  others  suffer  considerable  con- 
densation, so  that  a strong  force  of  cohesion  is  acquired, 
this  may  determine  their  combination  to  the  exclusion  of 
others,  and  insulate  the  compound  which  is  thus  formed. 
In  a case  of  double  decomposition,  where  four  substances 
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are  presented  to  each  other,  if  two  of  them  having  a mu- 
tual attraction  have  a greater  tendency  to  cohesion  than 
the  others,  or  form  a compound  of  sparing  solubility,  and 
the  other  tw’o  a compound  of  a different  nature ; instead 
of  the  four  forming  one  combination,  in  which  the  affini- 
ties are  balanced,  the  equilibrium  is  subverted  by  the 
force  of  cohesion,  and  the*  two  which  form  the  insoluble 
compound  will  combine  together,  and  be  separated  by 
precipitation  or  crystallization,  the  other  two  remaining 
in  combination  in  the  fluid  which  has  been  the  medium 
of  action.  If  even  these  four  substances  were  previously 
in  the  reverse  binary  combinations,  still  on  presenting 
them  to  each  other,  the  affinities  within  the  sphere  of  ac- 
tion must  be  reciprocally  exerted,  and  the  same  extraneous 
forces  will  cause  an  exchange  of  principles ; in  other  words, 
if  A and  B when  united  form  an  insoluble  compound,  and 
C and  D one  that  is  soluble ; if  A has  been  previously 
combined  with  C,  and  B with  D,  the  result  on  mixing 
these  two  compounds  will  not  be  reciprocal  saturation  and 
a simultaneous  combination,  but  the  force  of  cohesion  o- 
perating  with  more  energy  on  the  combination  of  A and 
B,  it  will  separate,  while  the  other  two  ingredients,  C and 
D,  will  remain  in  union  *. 


* “ In  a solution,”  says  Bertliollet,  “ of  sulphate  of  potash  and 
muriate  of  soda,  these  two  salts  are  not  distinct,  nor  do  they  be- 
come so  until  some  external  cause  produce  their  separation  : 
sulphuric  and  muriatic  acids,  potash  and  soda  are  combined  in 
the  liquid.”  “If,”liecontinues,  “a  solution  of  sulphate  of  pot  ash 
- be  mixed  with  a solution  of  muriate  of  lime,  the  lime  brought 
into  contact  with  the  sulphuric  acid  will  be  more  powerfully  in- 
fluenced by  the  force  of  cohesion  than  the  potash.  It  is  there- 
fore a force  in  addition  to  those  which  pre-existed,  and  deter- 
mines the  combination  of  the  sulphuric  acid  with  the  lime,  and 
the  precipitation  of  the  new  compound.”  Cases  of  this  kind  he 
denominates  Complex  Affinity,  to  avoid  the  term  Elective  At- 
traction, which  in  some  measure  implies  an  hypothesis. 
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The  same  principle  is  applied  to  a single  elective  attrac- 
tion, or  where  three  substances  are  presented  to  each  other. 
If  the  combination  of  two  of  them  give  rise  to  a substance 
of  sparing  solubility,  or  having  a strong  tendency  to  co- 
hesion, this  circumstance  will  determine  their  union,  and 
the  separation  of  the  insoluble  compound,  instead  of  the 
balance  of  affinities  of  all  the  three  substances  which  would 
otherwise  have  been  the  result. 

Hence,  as  Bcrthollet  remarks,  “ if  all  the  decomposi- 
tions ascribed  to  complex  affinities  be  investigated,  it  will 
be  found,  that  the  prevailing  affinity  has  been  ascribed  to 
those  substances  which  have  the  property  of  precipitating, 
or  of  forming  a salt  which  can  be  separated  by  crystalliza- 
tion. For  this  reason,  it  may  be  inferred  d jrrioriy  from 
a knowledge  of  the  solubility  of  salts,  which  may  be  formed 
in  a liquid,  that  those  substances  which  are  least  soluble 
will  be  found  to  be  the  same  as  those  to  which  Bergman 
and  other  learned  chemists  have  attributed  the  strongest 
affinity  in  their  tables 

Other  decompositions,  particularly  those  where  the  ap- 
plication of  heat  is  necessary,  are  occasioned  by  the  ope- 
ration of  elasticity.  Thus,  if  one  of  the  ingredients  of  a 

compound  have  a tendency  to  assume  the  elastic  form, 

then  on  submitting  the  compound  to  the  action  of  a sub- 
stance capable  of  combining  with  its  other  ingredient  or 
base,  its  decomposition  is  not  to  be  ascribed  with  Berg- 
man to  the  predominance  of  a powerful  affinity  over  one 
more  weak,  but  to  the  tendency  of  the  elastic  ingredient 
to  escape  from  its  combination,  which  aided  by  the  inter- 
vention of  another  affinity,  not  only  not  stronger,  but  even 
weaker,  may  occasion  the  separation.  In  double  decom- 
position this  is  not  less  effective,  the  elevated  temperature 
determining  the  union  of  the  substances  most  disposed  to 
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assume  the  elastic  form,  and  their  separation  as  a volatile 
compound.  “ If,  therefore,  it  be  desired  to  know  the  re- 
sult of  the  exposure  of  two  salts  to  the  action  of  heat,  it  is 
only  necessary  to  consider  which  of  the  two  bases,  and 
which  of  the  two  acids,  have  the  greater  volatility,  if  there 
be  a difference ; for  the  more  volatile  base  and  acid  will 
escape,  and  enter  into  combination,  and  the  fixed  base 
and  fixed  acid  will  remain  behind,  and  combine  with  one 
another 

Such  is  the  view  given  by  Berthollet  of  what  are  named 
Single  and  Double  Elective  Attractions,  and  there  can  be 
little  doubt  that  much  of  it  is  just.  A strong  argument  in 
support  of  it  is  the  one  which  Berthollet  adduces,  that  in 
the  usual  order  of  elective  affinities,  superior  forces  have 
been  ascribed,  among  the  acids,  to  those  which  form  salts 
having  the  greatest  tendency  to  cohesion,  as  the  sulphu- 
ric, the  phosphoric,  tartaric,  and  oxalic  ; and  among  the 
bases,  to  those  which  form  the  least  soluble  compounds,  as 
lime,  barytes  and  strontites ; and  in  the  very  exceptions 
in  the  order  of  the  strength  of  affinities  of  these  acids  and 
bases,  we  find,  that  where  weaker  affinities  have  been  as- 
cribed to  them,  it  has  been  in  those  cases  where  they  form 

soluble  salts.  “Lime,  magnesia, strontites,  and  barytes,  form 

insoluble  salts  with  carbonic  acid.  All  the  soluble  salts  of 
these  earths,  mixed  with  alkaline  carbonates,  produce  an 
exchange,  from  which  result  the  formation  and  precipita- 
tion of  an  earthy  carbonate.  Barytes  forms  an  insoluble 
.salt  with  sulphuric  acid  ; therefore  whenever  a solution  of 
a sulphate  is  mixed  with  that  of  a salt  of  barytes,  there 
will  be  a precipitation  of  sulphate  of  barytes.  As  sulphate 
of  lime  is  but  little  soluble,  and  consequently  much  dispos- 
ed to  precipitate,  lime  decomposes  all  the  soluble  sulphates 
to  that  term  at  which  the  precipitation  is  stopped  by  the 
solubility  of  the  sulphate  of  lime.  But  sulphate  of  lime 
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being  much  more  soluble  than  sulphate  of  barytes,  the  salts 
of  barytes,  which  are  more  soluble  than  the  sulphate  of 
lime,  decompose  it  The  same  relations  may  be  traced 
among  the  metallic  salts.  And  even  where  the  force  of  co- 
hesion is  not  exerted  on  any  of  the  parts  of  the  combination 
witii  such  effect  as  to  give  rise  to  precipitation,  still,  when 
favoured  by  the  evaporation  of  the  liquid  which  has  been 
the  medium  of  action,  the  superior  affinity  will  always  be 
found  to  have  been  ascribed  to  the  constituents  of  that  salt 
which  is  first  separated  by  crystallization.  Thus,  in  all 
these  cases,  decompositions  arising  from  the  separation  of 
substances,  in  consequence  of  their  insolubility  in  Uie  li- 
quid in  which  chemical  action  was  exerted,  have  been  as- 
cribed to  predominance  of  strength  of  affinity. 

In  like  manner,  those  acids  which  have  the  greatest 
tendency  to  assume  the  elastic  state,  have  been  considered 
as  exerting  the  weakest  aflinity,  because  they  are  more 
easily  separated  from  the  combinations  in  which  they  exist. 
And  for  the  same  reason,  in  decompositions  produced  by 
heat,  the  weakest  affinity  among  the  alkaline  or  earthy 
bases  is  in  the  tables  of  elective  attraction  ascribed  to  am- 
monia, which  is  the  most  volatile  ; w'hile  among  the  acids 
the  most  powerful  attractions*are  assigned  to  the  sulphuric 
and  phosphoric,  which  are  the  most  fixed. 

Relative  quantity  of  matter,  or  the  proportion  of  one  ' 
substance  to  another,  has  also  an  influence  in  determining 
these  combinations ; and  hence  the  results  are  much  de- 
pendent on  the  proportions  of  the  substances  mixed,  es- 
pecially where  the  external  forces  of  cohesion  and  elasti- 
city do  not  operate  with  much  power,  so  as  to  render  im- 
perceptible the  effect  of  quantity.  Berthollet  has  accord- 
ingly shewn,  from  a number  of  examples,  that  in  mixing 
compound  salts  where  cohesion  does  not  interfere  with 
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much  force,  a predominance  of  attraction  may  be  ascribed 
to  either  of  the  acids  or  bases  according  to  the  propor- 
tions in  which  the  substances  are  mixed  together  *.  It  is 
likewise  shewn,  that  in  cases  of  this  kind,  there  is  a suc- 
cession of  combinations  determined  by  the  proportions, 
degree  of  solubility,  and  mutual  action  of  the  salts,  and 
difierent  from  each  other,  so  that  an  error  would  be  com- 
mitted if  we  should  suppose  that  the  products  of  successive 
crystallizations  in  such  mixtures  will  be  the  same  as  the 
first. 

These  facts  are  undoubtedly  in  favour  of  Berthollet’s 
theory,  and  prove  that  the  results  of  single  and  double 
decompositions  are  not  owing,  as  had  formerly  been  sup- 
posed, to  the  predominance  of  strong  over  weaker  attrac- 
tions.* Yet  the  question  is  not  without  difficulty,  both  with 
regard  to  the  principle  of  the  theory,  and  to  the  operation 
of  the  circumstances  by  which  the  changes  are  supposed 
to  be  produced. 

With  regard  to  the  principle,  that  in  a case  where  three 
or  more  substances  attracting  each  other  are  within  the 
sphere  of  action,  simultaneous  combination  must  be  esta- 
blished, and  that  binary  compounds  can  be  formed  only 
from  the  operation  of  external  forces,  this  is  certainly  no 
necessary  conclusion,  and  it  is  not  established  by  any  evi- 
dence. Differences  in  the  strength  of  affinity  among  bo- 
dies exist ; and  such  differences,  it  may  be  inferred,  will  give 


* When  two  parts  of  muriate  of  lime  and  one  of  nitrate  of 
potash  were  mixed,  muriate  of  potash  was  obtained  by  crys- 
tallization ; but  when  equal  weights  of  nitrate  of  potash  and 
muriate  of  lime  were  mixed,  the  first  product  by  crystalliza- 
tion was  nitrate  of  potash.  From  the  result  of  the  first  expe- 
riment, it  would  have  been  concluded,  that  in  these  salts  the 
divellent  were  superior  to  the  quiescent  affinities ; from  the  re- 
sult of  the  second,  the  conclusion  would  have  been  precisely 
the  reverse.  Chemical  Researches,  p.  IGO. 
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rise  to  binary  combinations,  independent  of  the  influence 
of  sncIi  forces.  In  the  case  of  single  elective  attraction,  in 
which  two  acids  are  brought  to  act  on  one  base,  it  is  ad- 
mitted that  the  forces  of  affinity  of  these  acids  to  the  base 
arc  different.  May  not  this  determine  the  manner  and 
proportion  in  which  they  combine,  or  cause  the  acid  which 
has  the  stronger  affinity  to  combine  exclusively  with  the 
base,  independent  of  any  external  force,  or  at  least  prin- 
cipally  with  it,  while  the  other  acid  combines  with  a small- 
er portion  of  base  ? If  either  compound  have  much  ten- 
dency to  cohesion,  it  will  separate ; but  it  does  not  follow 
that  its  cohesion  is  the  cause  of  its  formation.  This  may 
be  determined  by  the  superior  force  of  affinities  in  its  prin- 
ciples ; it  is  only  the  separation  of  it  that  is  produced  by 
the  cohesive  power ; and  the  compound  thus  separated 
may  either  be  that  in  which  the  principles  are  united  by 
the  strongest,  or  that  in  which  they  are  united  by  the 
weakest  attraction.  Or  in  the  example  of  complex  affi- 
nity,  two  acids  and  two  bases  being  present,  if  no  foreign 
force  is  exerted,  they  will  form,  according  to  the  theory 
of  Berthollet,  one  combination,  both  acids  contributing  to 
the  saturation  of  both  the  bases.  But  suppose  that  one  of 
the  acids  has  a stionger  attraction  to  one  ol  the  bases  than 
the  other  acid  has ; and  suppose  also  that  the  latter  acid 
has  a stronger  attraction  to  the  base  to  which  the  other 
acid  has  a weak  affinity  ; will  not  the  result  of  this  be,  that 
the  acids  will  be  divided  between  these  bases  in  proportion 
to  their  affinities  towards  them  ^ If  no  cohesion  or  elasti- 
city is  exerted,  these  binary  compounds  will  not  appear, 
for  there  is  scarcely  any  property  by  which  they  can  be 
detected.  But  it  may  be  maintained  that  they  must  be 
formed  •,  and  it  is  their  appearance  only,  not  their  produc- 
tion, that  is  determined  by  the  exertion  of  elasticity  or  co- 
hesion. Hence  is  explained  the  observation,  which  Ber- 
thollet  regards  as  proving  his  opinion,— that  in  complex 
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aftinity,  the  prevailing  attraction  has  always  been  ascribed 
to  those  substances  w'hich  form  a compound  that  passes  to 
the  solid  form ; for,  in  other  cases,  though  the  binary  com- 
pounds might  be  formed,  they  would  not  be  obtained  in- 
sulated, and  therefore  the  predominance  of  affinity  would 
not  be  observed.  At  the  same  time  it  must  also  be  ac- 
knowledged, that  it  does  not  follow,  on  this  theory,  that 
the  insoluble  compound  should  always  be  formed. 

One  cause  may  be  assigned  as  preventing  binary  com- 
binations,— the  affinity  which  in  the  mixture  of  two  com- 
pound salts  the  bases  may  reciprocally  exert,  and  the  affi- 
nity which  the  acids  may  exert  to  each  other,  which  may 
counteract  the  affinity  of  the  one  base  to  the  one  acid,  and 
of  the  other  to  the  other,  and,  added  to  the  quiescent  affi- 
nities of  the  acids  to  the  bases,  prevent  the  divellent  ones 
from  operating,  and  establish  one  combination.  But  these 
affinities  in  general  appear  weak : admitting  that  they  may 
be  in  some  cases  sufficiently  powerful  to  prevent  the  bin- 
ary combinations  of  the  acids  and  bases,  it  is  not  probable 
that  they  will  always  be  so ; and  where  they  arc  not,  binary 
combinations  must  be  established  from  the  different  affi- 
nities of  the  acids  to  the  bases. 

Berthollet  has  stated,  what  he  considers *as  a proof  of 
his  opinion,  that  “ when  two  compound  salts  are  mixed, 
the  mutual  decomposition  of  which  would  produce  combi- 
nations of  very  different  proportions,  neither  a redundance 
of  acid  or  of  base,  which  would  necessarily  result  from 
such  decomposition,  can  be  observed.  This  has  been  very 
judiciously  observed  by  Guyton.  A change  of  base  there- 
fore does  not  take  place*.”  But  it  is  taken  for  granted, 
that  in  these  cases  the  proportions  of  the  constituent  prin- 
ciples of  these  salts  are  known  with  perfect  accuracy,  which 
is  not  the  case,  and  the  result  observed  by  Guyton  is  a 
proof  of  this.  Indeed  the  mutual  saturation  ought  to  re- 
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main  the  same,  whether  one  combination  or  two  binary 
ones  be  formed,  because  the  sum  of  the  reciprocal  forces 
of  the  acids  and  bases  remains  the  same,  at  least  unless 
one  of  the  salts  has  a strong  tendency  to  form  either  with 
an  excess  of  acid  or  of  base.  If  calculations  from  the  pro- 
portions of  the  ingredients  of  the  salts  mixed  shew  that 
there  ought  to  be  an  excess  either  of  acid  or  of  base,  this 
only  proves  that  the  proportions  have  been  inaccurately 
determined ; and  it  accordingly  now  appears,  that  in  these 
cases  inaccurate  proportions  had  been  assigned. 

The  question  can  only  be  determined  by  the  compara- 
tive probability  of  the  respective  assumptions  d ■priori;  for 
it  is  scarcely  possible  to  prove  either  of  them  by  experi” 
inent.  Whether  binary  compounds  are  formed  in  a liquid 
or  not,  can  be  known  only  from  their  separation;  and 
when  this  happens,  it  must,  on  either  hypothesis,  be  as- 
cribed to  the  force  of  cohesion  or  elasticity  ; so  that  we 
cannot  say  whether  they  had  existed  previous  to  the  ex- 
ertion of  that  force.  And,  on  the  other  hand,  if  there  is 
no  separation,  by  what  property  or  appearance  shall  we 
discover  whether  the  principles  exist  in  a mutual  state  of 
saturation  forming  one  compound,  or  whether  they  form 
principally  binary  compounds,  which  remain  in  solution? 
In  considering  the  comparative  probability  of  the  hypothe- 
sis, it  appears  to  follow,  that  if  four  substances  are  brought 
together,  a dilference  in  the  forces  of  their  affinities  may 
prevent  an  uniform  combination,  and  by  causing  those 
which  have  the  strongest  affinity  to  combine,  may  give  rise 
to  the  formation  of  binary  compounds  and  to  the  pheno- 
mena of  elective  attraction.  The  influence  of  external 
forces  with  regard  to  these  may  at  the  same  time  be  admit- 
ted : they  will  either  concur  with  the  differences  of  affini- 
ties in  the  formation  of  the  compounds,  or  counteract  their 
operation.  The  commencement  of  the  combinations  may 
arise  from  dilferences  in  the  forces  of  affinity  ; while  if,  on 
any  of  the  binary  combinations  thus  formed,  cohesion  or 
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any  other  force  producing  its  separation  be  exerted,  this 
will  favour  the  completion  of  the  combination,  by  with- 
drawing the  principles  from  the  action  of  the  others. 

Still,  although  this  reasoning  appears  to  be  just,  it  is  not 
altogether  satisfactory ; for  it  does  not  account  for  the  strik- 
ing fact,  that  in  all  cases  single  and  double  decompositions 
take  place,  where  elements  are  present  which  form  insolu- 
ble compounds,  and  always  in  such  a manner  as  to  esta- 
blish these  compounds.  There  is  no  apparent  relation  be- 
tween the  insolubility  and  the  force  of  affinity  to  account 
for  such  a result,  and  it  seems  to  prove  that  the  former  is 
the  effective  force.  The  same  observation  evidently  ap- 
plies to  the  influence  of  elasticity,  in  the  cases  in  which  it 
operates. 

On  the  other  hand,  there  are  considerable  difficulties 
with  regard  to  the  mode  of  action,  according  to  which 
these  external  forces  can  produce  the  results.  On  the  as- 
sumption, that  when  three  or  four  substances  are  presented 
to  each  other,  they  would  form  a simultaneous  combina- 
tion, were  not  some  external  force,  such  as  that  of  cohesion, 
exerted,  it  is  difficult  to  discover  how  this  force  can  ope- 
rate in  giving  rise  to  binary  combinations.  Its  operation 
may  be  conceived  to  be,  either  on  the  principles  of  the  com- 
bination causing  those  which  have  the  greatest  tendency  to 
cohesion  to  combine  together,  or  on  the  compmnd  itself 
producing  its  separation,  and  thus  withdrawing  its  elements 
from  the  action  of  the  other  bodies.  It  is  not  very  clear, 
from  the  language  of  Berthollet,  under  which  of  these  views 
he  regards  the  influence  of  cohesion.  But  either  of  them 
is  inadequate  to  the  explanation  of  the  phenomena  of  com- 
plex affinity,  on  the  assumption  that  the  relative  forces  of 
affinity  have  no  share  in  giving  rise  to  binary  combina- 
tions. 

Thus,  considering  the  first  of  these  assumptions, that  of 

four  principles  presented  to  each  other  in  a common  fluid, 
the  two  having  the  strongest  tendency  to  cohesion  will  be 
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those  which  will  be  combined,  we  do  not  perceive,  since 
all  the  substances  are  in  a state  of  solution,  how  the  co- 
hesion alone  can  combine  two  of  them.  The  immediate 
result  of  their  attractions,  it  is  supposed,  is  to  form  one 
combination.  From  the  density  resulting  from  that  com- 
pound, such  an  addition  might  be  made  to  the  force  of 
cohesion  as  to  cause  it  to  separate  *,  but  w'e  perceive  no 
reason  why  this  should  give  rise  to  the  binary  combina- 
tion j while,  if  that  combination  were  determined  by  the 
superior  force  of  affinity,  it  is  easy  to  perceive  that  the  se- 
paration of  the  compound  might  be  produced  in  conse- 
quence of  the  accrued  condensation.  Nor  in  appealing  to 
fact  do  we  find  that  in  such  mixtures  the  princijiles  which 
are  combined  are  always  those  which,  in  their  insulated 
state,  have  the  greatest  tendency  to  coliesion.  They  some-, 
times  are  so,  but  in  many  cases  this  cannot  be  observed. 

This  leads  to  the  consideration  of  the  other  point  of 
view,  under  which  the  influence  of  external  forces  on  the 
results  of  complex  affinity  may  be  regarded, — that  of  four 
principles  in  solution,  the  two  which  will  be  combined 
(leaving  of  course  the  other  two  in  binary  combination) 
are  those  which  form  an  insoluble  compound  j or  that  when, 
the  mutual  action  is  efi’ectcd  by  heat,  the  two  which  com- 
bine are  those  forming  a volatile  compound.  This  accords 
better  with  facts.  But  in  adopting  it  we  fall  into  tlic  in- 
consistency of  assigning  a property  of  a compound  as  the 
cause  of  the  formation  of  that  compound.  If  the  result, 
independent  of  foreign  forces,  is  to  form  an  individual  com- 
bination, this  cannot  be  disturbed  by  any  force  which  would 
act,  if  that  combination  w^ere  subverted,  and  binary  com- 
pounds formed.  The  insolubility  or  volatility  of  a com- 
pound is  a property  dependent  on  its  constitution, — on  the 
relation  of  its  infcgratit  particles  to  the  force  of  cohesion, 
or  to  the  repulsive  agency  of  heat;  and  it  must  have  been 
formed  before  thev  can  be  called  into  existence.  There 
must'  be  some  cause  to  produce  these  compounds  before. 
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ally  influence  can  arise  from  any  property  of  whicli  they 
are  possessed. 

Some  facts,  it  has  been  already  stated,  (page  82,)  have 
been  brought  forward,  in  proof  that  elective  attractions  ex- 
ist producing  exclusive  combinations,  and  that  the  results 
must  be  ascribed  to  difference  in  strength  of  affinity,  inde- 
pendent of  the  influence  of  external  forces.  They  rest 
principally  on  the  authority  of  PfafF.  He  submitted  tar- 
trate of  lime  to  the  action  of  such  a portion  of  sulphuric 
acid  as  was  sufficient  merely  to  neutralize  the  lime,  and  he 
found  that  the  whole  lime  was  transferred  to  it,  and  the 
tartaric  acid  obtained  pure.  In  this  case,  therefore,  there 
was  no  participation,  but  the  exclusive  combination  of  a 
base  to  an  acid  in  opposition  to  another  acid,  and  this  with- 
out the  influence  of  any  external  force  to  determine  the  re- 
sult; for  the  force  of  cohesion  or  insolubility  is  not  more 
powerful  in  the  new  compound,  the  sulphate  of  lime,  than 
in  the  tartrate,  but  the  reverse ; and  the  tartaric  acid  re- 
mains in  solution.  The  result  therefore  is  strictly  con- 
formable to  the  doctrine  of  elective  attraction.  He  found, 
that  oxalate  of  lead  was  decomposed  by  a quantity  of  sul- 
phuric acid  capable  of  neutralizing  exactly  the  quantity  of 
oxide  of  lead  which  the  oxalate  contained  ; and  this  result 
is  equally  independent  of,  or  is  rather  in  opposition  to,  any 
influence  that  could  arise  from  the  force  of  cohesion,  as 
oxalate  of  lead  is  even  less  soluble  than  sulphate  of  lead. 
On  the  other  hand,  magnesia  triturated  with,  or  even 
boiled  in  a solution  of  sulphate  of  potash  to  dryness,  and 
heated  strongly,  did  not  abstract  the  smallest  portion  of 
sulphuric  acid  : with  sulphate  of  soda,  and  with  muriates 
of  potash  and  soda,  the  results  were  the  same  *. 

But  though  these  experiments  appear  at  first  view  con- 
clusive, they  have  been  very  well  explained  by  Berthollet 
himselff,  who  has  pointed  out  circumstances  connected  with 


Annales  de  Chiraie,  tome  77,  p.  259.  f Ibid.  p.  28«. 
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them  to  which  PfafF  did  not  attend.  In  the  first  case,  the 
decomposition  of  tartrate  of  lime  by  sulphuric  acid,  al- 
though it  is  true,  as  Pfaft’  remarks,  that  tartrate  of  lime  is 
less  soluble  in  water  than  sulphate  of  lime,  yet,  as  Berthol- 
let  remarks,  the  tartrate  is  rendered  much  more  soluble 
by  acids  than  the  sulphate  is : hence,  therefore,  in  the  ex- 
periment, the  tartrate  of  lime  is  first  rendered  soluble  by 
the  portion  of  its  acid  which  is  liberated  by  its  partial  de- 
composition, while  the  sulphate  of  lime  wdiich  is  formed, 
not  having  its  solubility  augmented,  its  force  of  cohesion 
insulates  it,  and  separates  it  from  the  liquid,  and  the  de- 
composition is  thus  at  length  rendered  complete.  In  like 
manner,  to  obviate  the  supposition  of  any  efi'ect  from  the 
force  of  cohesion  in  the  production  of  sulphate  of  lead  from 
oxalate  of  lead  by  sulphuric  acid,  PfalF  remarks,  that  the 
oxalate  is  even  less  soluble  than  the  sulphate.  It  is  so  in 
water.  But  Berthollet  finds  that  it  is  much  more  soluble 
in  acids,  and  therefore,  when  an  acid  is  evolved,  as  is  the 
case  in  the  experiment  which  PfalF  gives,  the  greater  in- 
solubility of  the  sulphate  favours  its  progressive  formation, 
and  renders  the  decomposition  of  the  oxalate  complete. 
The  circumstance  of  the  magnesia  not  decomposing  a so- 
luble sulphate  is  evidently  to  be  ascribed  to  its  force  of  co- 
hesion, and  to  the  solubility  of  the  alkaline  base. 

These  facts,  then,  can  scarcely  be  considered  as  forming 
any  just  exception  to  the  theory  of  Berthollet.  And  even 
w'ere  it  found,  that  where  a considerable  difference  in  the 
force  of  affinity  exists,  and  where  this  is  not  opposed  by  the 
influence  of  external  forces,  combinations  are  established 
from  it  alone,  this  does  not  exclude  the  operation  of  these 
forces  where  they  act  with  energy,  or  where  differences  of 
attraction  less  important  exist.  There  is  some  difficulty, 
it  may  be  admitted,  in  conceiving  clearly  of  their  mode  of 
operation.  And  there  is  perhaps  a deficiency  in  the  the- 
ory, in  not  admitting  the  influence  of  the  differences  in 
strength  ot  affinity  among  bodies;  for  since  such  differences. 
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exist,  they  must,  we  should  be  disposed  to  believe,  neces- 
sarily operate  in  the  combinations  which  take  place.  Yet 
if  even  this  be  allowed,  their  operation  seems  to  be  of  in- 
ferior importance,  and  can  scarcely  be  clearly  traced;  while 
the  striking  facts,  that  in  all  those  cases  in  which  binary 
combinations  are  established  among  three  or  more  bodies 
by  the  medium  of  solution,  the  affinities  exerted  are  such 
as  to  form  the  least  soluble  compounds,  and  that  in  those 
effected  by  heat,  they  are  such  as  to  form  the  most  volatile 
compounds,  seem  to  prove  that  the  external  forces  which 
modify  attraction  are  those  which  principally  determine 
the  results. 


Another  subject  v;hich  has  occupied  the  attention  of 
chemists,  is  that  of  determining  the  absolute  forces  of  affi- 
nities among  bodies.  The  usual  measure  of  these  forces 
it  that  deduced  from  decomposition  ; we  infer  from  it,  that 
one  body,  A,  has  a stronger  attraction  to  another,  B,  than 
a third,  C,  has,  because  when  BC  are  combined,  A de- 
composes the  compound,  by  attracting  B.  But  admitting 
the  justness  of  the  inference,  (which  the  preceding  obser- 
vations, however,  prove  to  be  incorrect,)  we  learn  nothing 
more,  than  that  the  attraction  of  one  body  is  stronger  than 
that  of  a third.  The  desideratum  is  to  know  how  much 
stronger  it  is ; and  were  this  done,  it  has  been  supposed 
that  we  might  discover,  by  calculation,  what  we  can  at 
present  ascertain  only  by  experiment.  Different  methods 
have  been  followed  in  the  attempts  to  solve  this  problem. 

Guyton  had  observed,  that  different  metals,  when  brought 
into  contact  with  quicksilver,  adhere  to  it  with  different  de- 
grees of  force ; and  he  found,  that  the  order  of  the  forces 
of  adhesion  corresponds  with  the  known  affinities  of  the 
metals  to  quicksilver.  The  experiment  was  made  by  bring- 
ing plates  of  the  metals,  of  the  same  size  and  form,  sus- 
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pended  from  the  extremity  of  the  beam  of  a sensible  ba- 
lance, into  contact  with  mercury,  and  sliding  them  along 
its  surface,  the  mercury  being  changed  at  each  experiment. 
The  force  with  which  they  adhered  was  discovered  by  the 
weight  necessary  to  raise  each  plate. 


Gold  adhered  to  mercury  with  a force  of  44'6  grains. 


Silver, 



Lead, 

Bismuth,  . 

Zinc,  

Copper,  .. 
Antimony, 

Iron,  

Cobalt,  .... 


42f> 
418 
397 
372 
204 
142 
12G 
115 
...  8 


Guyton  justly  observes,  that  these  differences  cannot  bt 
owing  to  the  different  degrees  of  polish;  for  a plate  of  iron, 
unpolished,  adhered  more  strongly,  than  one  of  the  same 
metal  finely  polished  : nor  to  the  densities  of  the  metals ; 
for  they  are  not  proportional  to  these.  But  the  order  of 
adhesion  is  that  of  the  apparent  order  of  affinities ; gold 
being  the  metal  to  which  quicksilver  seems  to  have  the 
strongest  attraction : while,  with  iron  or  cobalt,  it  can 
scarcely  be  combined.  Hence  these  differences  may  be 
regarded  as  numerical  expressions  of  the  different  forces  of 
attraction.  Kxperiments  of  this  kind,  however,  w'cre  even 
the  principle  just,  are  too  limited  to  be  of  much  utility 
under  this  point  of  view;  and  when  extended  to  other 
chemical  agents,  so  many  difficulties  occur  from  mutual 
chemical  action,  and  other  causes,  that  the  results  admit  of 
no  strict  conclusion.  In  the  further  experiments  of  Achard 
on  the  same  subject  *,  we  accordingly  find  a number  of 


* Encyclopedic  Melhodique^  torn.  1,  p.  468. 
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facts  incompatible  with  the  hypothesis.  The  principle 
also  is  doubtlhl,  as  the  results  denote  rather  the  facility  of 
combination  than  the  force  of  attraction  ; and  they  might 
farther  be  modified  by  the  combination  at  the  surface  of 
the  metals,  and  perhaps  by  electric  action. 

Wenzel  had  supposed,  that  the  quantity  of  a body  dis- 
solved in  a given  time  affords  a measure  of  the  force  of 
the  affinity  exerted.  The  method  by  which  he  proposed 
to  apply  this  principle  was  to  cover  equal  cylinders  of  dif- 
ferent metals  with  a crust  of  varnish,  leaving  one  extremi- 
ty uncovered,  and  immersing  them  in  a common  solvent, 
such  as  nitric  acid:  according  to  his  statement,  the  quan- 
tities dissolved  in  a given  time  correspond  with  the  known 
affinities  of  the  metals  to  the  acid.  But  independent  of 
objections,  to  which  the  experiment  is  liable,  the  principle 
is  false.  The  facility  or  rapidity  of  combination  depends 
not  on  the  force  of  affinity,  but  on  that  modified  by  the 
cohesion,  elasticity,  and  other  qualities  of  bodies  j and  we 
have  many  examples,  in  which  a combination  takes  place 
slowly,  where  the  attraction  from  which  it  arises  is  strong, 
or  where  it  is  effected  with  facility,  where  the  attraction  is 
comparatively  weak. 

The  resistance  opposed  by  a combination  to  the  se- 
paration of  its  constituent  parts,  has  been  proposed  as  the 
measure  of  the  strength  of  their  reciprocal  affinity.  But  we 
have  no  means  of  appreciating  the  resistance  with  accu- 
racy. The  intervention  of  a superior  affinity  cannot  be 
employed ; for  the  strength  of  this  would  first  require  to 
be  ascertained.  And  in  employing  heat  there  are  many 
compounds  which  cannot  be  decomposed  by  heat ; and  in 
those  which  can,  the  decomposition  is  influenced  as  much 
by  the  comparative  elasticity  of  the  principles  of  the  com- 
pound, as  by  the  degree  of  attraction  between  them. 

Mr  Kirwan  presented  a view  of  this  subject,  different 
from  any  of  the  preceding,  and  probably  more  just.  A- 
mpng  the  chemical  properties  of  bodies,  there  is  frequent- 
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ly  one  which  is  predominant,  and  which  gives  to  the  sub- 
stances possessing  it  a common  and  well-marked  character. 
Of  these  characteristic  properties  some  are  opposed  to  each 
other  ; one  class  of  substances  possessing  one,  another  pos- 
sessing the  opposite.  Thus  the  characteristic  properties 
of  the  class  of  acids  are  the  reverse  of  those  of  the  class 
of  alkalies.  In  the  combination  of  two  bodies  belonging 
to  these  opposite  classes,  the  adverse  properties  neutralize 
each  other,  and  at  a certain  stage  they  disappeai*,  or  a 
compound  is  formed  in  which  neither  predominates.  This 
is  termed  the  point  of  neutralization  or  saturation.  Now, 
this  power  of  producing  neutralization  may  be  considered 
as  arising  from  the  force  of  affinity  which  the  body  exerts, 
and  may  therefore  be  regarded  as  a measure  of  that  force. 
This  occurred  to  Kirwan ; though  in  order  to  reconcile 
the  principle  with  the  established  order  of  elective  attrac- 
tions, he  adopted  it  only  partially.  F rom  experiments  on 
the  composition  of  the  neutral  salts,  he  discovered  that  a 
relation  subsisted  between  the  quantities  of  their  elements 
necessary  to  saturation,  and  their  apparent  forces  of  affi- 
nity; and  in  prosecuting  his  experiments  he  was  led  to 
establish  as  principles, — First,  That  the  quantity  of  real 
acid  necessary  to  saturate  a given  weight  of  each  base,  is 
inversely  as  the  affinity  of  the  base  to  the  acid  ; and,  se- 
condly, That  the  quantity  of  each  base  requisite  to  saturate 
a given  quantity  of  each  acid,  is  directly  as  the  affinity  of 
the  acid  to  the  base.  The  quantities  of  the  different  sub- 
stances necessary  to  produce  saturation,  he  found,  accord- 
ing to  these  principles,  to  correspond  nearly  with  the  ap- 
parent foices  of  attraction  estimated  from  the  usual  order 
of  decomposition.  And  he  farther  gave  examples  of  de- 
compositions strictly  conformable  to  the  forces  of  attrac- 
tion thus  inferred  *. 


• Philosophical  Transactions,  vol.  Ixxiii,  p.  38. 
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Xu  prosecuting  the  investigation,  however,  this  correspon- 
dence was  not  always  found  to  occur.  On  the  contrary, 
decompositions  were  known  to  take  place  which  ought  not 
to  happen,  if  the  numbers  expressing  those  forces  of  affi- 
nity were  just.  This  indeed  does  not  strictly  prove  the 
fallacy  of  the  principle  on  which  the  method  is  founded, 
since  such  deviations  may  arise  from  errors  in  the  estima- 
tion of  the  proportions  of  the  ingredients  of  the  compound 
salts,  and  there  can  now  be  no  doubt  of  the  existence  of 
such  errors,  both  as  the  experiments  were  liable  to  im- 
portant sources  of  fallacy,  and  the  results  were  vitiated  by 
having  been  combined  with  assumptions  which  Kirwan 
afterwards  found  to  be  inaccurate.  Resuming  his  labours, 
he  accordingly  gave,  in  the  fourth  and  seventh  volumes  of 
the  Irish  Transactions,  corrected  and  more  extensive  ta- 
bles *,  in  which  the  numbers  are  entirely  different.  But 
though  more  accurate,  they  accord  less  strictly  with  the 
apparent  forces  of  affinity,  as  inferred  from  the  order  of 
decomposition  ; and  deviate  indeed  so  much  from  this, 
that  Mr  Kirwan  appeared  to  have  relinquished  the  hope 
of  attaining  by  this  method  the  solution  of  the  problem. 

The  views  of  Berthollet,  however,  throw  more  light  on 
this  subject ; they  lead  to  the  conclusion,  that  were  the 
numbers  more  remote  than  they  are  from  the  usual  order 
of  elective  attractions,  this  is  no  proof  that  they  may  not 
express  the  real  forces  of  affinity ; since  decompositions 
from  which  that  order  has  been  inferred,  arise  not  merely 
from  different  strengths  of  affinity,  but  from  these  modi- 
fied by  various  external  forces.  Hence  attractions,  which 
appear  in  experiment  strong,  may  be  weak ; and  others, 
which  appear  feeble,  may  be  comparatively  strong ; nor, 
if  the  real  order  of  the  forces  of  affinity  should  be  de- 
duced from  any  principle,  is  there  reason  to  expect  that 
it  should  correspond  with  the  results  of  decomposition. 


* These  will  be  found  at  the  end  of  the  Chapter. 
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Berthollet  therefore  disregarding  this  order,  adopts  thff 
more  general  principle.  As  the  reciprocal  neutralization 
of  substances  combined  is  the  effect  of  their  aflhiity,  it 
may  be  regarded  as  the  measure  of  that  affinity ; and  as 
unequal  (quantities  of  different  substances  are  requisite  to 
neutralize  any  common  base  on  which  they  act,  the  forces 
of  their  affinity  to  that  base,  considering  them  as  acting 
in  equal  quantities,  must  be  different,  and  may  be  estima- 
ted from  the  quantities  requisite  to  produce  neutralization. 
Kirwan  admitted  the  principle,  that  the  affinities  of  the 
different  acids  to  the  same  base  is  in  the  inverse  ratio  of 
the  quantity  of  each  of  them  which  is  necessary  to  neu- 
tralize an  equal  quantity  of  that  base,  or  that  the  less  of 
an  acid  requisite  to  produce  the  neutralization,  the  more 
'energetic  is  its  affinity,  or  the  greater  its  force  ; but  finding 
that  were  it  also  applied  to  the  affinities  of  the  bases  to  the 
acids,  it  would  be  inconsistent  w’ith  the  observed  order  of 
elective  attractions,  reversed  it  as  applied  to  these  bases, 
and  thus  subjected  his  hyjiothcsis  to  a contradiction  ; that, 
on  the  one  hand,  it  supposed  a greater  affinity  to  require 
a less  quantity  of  a substance  to  produce  saturation,  and 
that,  on  the  other,  it  required  a greater  quantity.  Ber- 
thollct  applies  the  same  principle  to  both  cases,  and  there- 
fore the  law  now  stated  with  regard  to  the  affinities  of  the 
acids  to  the  bases  with  which  they  combine,  (?qually  holds 
with  regard  to  the  affinities  of  these  bases  to  the  acids;  or 
the  base,  which  in  the  smallest  quantity  neutralizes  an 
acid,  is  that  which  exerts  to  it  the  strongest  attraction.  It 
is  to  be  extended  to  all  other  bodies,  and  the  general  prin- 
ciple 'therefore  is,  that  the  affinity  of  any  substance  to 
another  is  more  powerful,  as  a given  weight  of  it  can  neu- 
tralize a greater  quantity  of  that  other.  Referring  for  il- 
lustration to  its  aqiplication  to  the  different  acids  and  ba- 
ses, it  follows,  that  of  the  acids,  carbonic  has  the  strongest 

O 

attraction  to  alkaline  bases,  as  the  smallest  quantity  of  it 
compared  with  other  acids  neutralizes  a given  weight  ot 
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them.  Next  to  it  is  the  muriatic,  then  the  phosplioric, 
sulphuric  and  nitric.  With  regard  to  the  bases,  ammo- 
nia must  exert  the  most  powerful  attraction,  as  a smaller 
quantity  of  it  saturates  given  quantities  of  the  acids ; next 
to  it  are  magnesia  and  lime,  then  soda  and  potash,  and, 
lastly,  strontites  and  barytes. 

These  arrangements  of  the  forces  of  affinities  deviate 
widely  from  the  received  order.  To  connect  the  one  with 
the  other,  it  is  necessary,  Berthollet  remarks,  to  seek  in  the 
habitudes  of  the  substances  which  combine,  and  in  the 
conditions  in  which  they  may  be  found,  the  explanation  of 
the  facts  which  lead  to  conclusions  so  opposite.  It  is  to 
the  force  of  cohesion  and  of  elasticity  more  particularly, 
the  effects  of  which  have  been  confounded  with  those  of 
affinity,  that  the  deviations  are  to  be  ascribed.  Barvtes 
has  been  considered  as  exerting  the  most  powerful  attrac- 
tion, merely  because  it  produces  decomposition  by  the  in- 
solubility it  acquires  in  combination;  and  ammonia  has 
been  considered  as  having  the  weakest,  because  from  its 
volatility  it  is  most  easily  detached. 

That  no  strict  coincidence  is  to  be  looked  for  in  the  or- 
der of  decompositions,  and  in  the  real  scale  of  affinities  on 
I whatever  principle  the  latter  may  be  indicated,  seems  a 
proposition  perfectly  just.  But  some  doubt,  it  appears  to 
me,  may  be  entertained  with  regard  to  the  principle  as- 
sumed in  the  preceding  reasoning.  The  proposition  is, 
that  the  less  of  one  substance  is  required  to  neutralize  the 
properties  of  another,  the  stronger  is  its  attraction  towards 
it.  Since  a smaller  quantity  of  ammonia  than  of  barytes 
is  required  to  neutralize  a given  weight  of  sulphuric  acid, 
the  ammonia,  it  is  inferred,  exerts  a stronger  action  on 
the  acid  than  the  barytes  does,  or  exerts  towards  it  a 
stronger  affinity.  But  all  affinity  is  reciprocal.  The  attrac- 
tion which  unites  an  acid  and  a base,  so  as  to  neutralize  the 
properties  of  each,  cannot  be  said  to  be  a force  exclusive- 
ly exerted  by  the  base  to  the  acid,  or  by  the  acid  to  the 
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base.  It  is  a mutual  tendency  in  the  particles  of  these  tw* 
bodies  to  combine,  and  the  quantity  of  the  one  necessary 
to  neutralize  the  properties  of  the  other  cannot  be  regard- 
ed as  an  indication  of  the  energy  of  action  or  strength  of 
affiniiy  exerted  between  them,  unless  the  one  substance 
were  the  active  power  that  produced  neutralization,  and 
the  other  passive.  But  this  is  not  the  case ; the  attraction 
and  neutralization  are  reciprocal ; and  we  may  as  well 
take  the  quantity  of  acid  necessary  to  neutralize  a given 
weight  of  base,  as  a measure  of  the  force  of  affinity,  as  the 
quantity  of  base  necessary  to  neutralize  a given  weight 
of  acid.  The  above  statement  would  then  be  reversed  ; 
and  it  might  be  said,  that  since  a smaller  quantity  of  sul- 
phuric acid  is  required  to  neutralize  a given  weight  of 
barytes  than  to  neutralize  the  same  w-eight  of  ammonia, 
therefore  the  affinity  is  stronger  between  this  acid  and 
barytes  than  between  it  and  ammonia.  If  this  reasoning 
is  just,  it  renders  doubtful  the  preceding  conclusions. 

It  must  also  be  evident,  that  we  can  no  longer  look  for 
those  advantages  from  the  solution  of  the  problem  of  esti- 
mating the  forces  of  affinity,  which  were  formerly  expected 
from  it.  \\  hile  affinity  was  regarded  as  an  uniform  force, 
it  was  imagined,  that  were  its  intensities  discovered,  we 
might  be  able  to  predict  the  results  of  its  exertion  inde- 
pendent of  experiment.  But  it  is  obvious,  that  were  we 
even  in  possession  of  the  scale  of  affinities,  w^e  could  not 
foretell,  in  any  given  case,  what  would  be  their  results, 
since  they  are  modified  by  external  circumstances,  which 
totally  alter  their  relative  forces.  We  probably  could  not 
subject  to  calculation  the  complicated  effects  of  cohesion, 
elasticity,  quantity,  and  other  modifying  powers  j and  we 
should  therefore  be  altogether  unable  to  foresee  the  effect 
live  forces  that  would  be  exerted. 
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From  the  preceding  observations  it  must  be  apparent, 
that  the  common  tables  of  elective  atttractions  do  not  re- 
present the  relative  forces  of  affinity,  but  only  a series  of 
decompositions,  which  arise  as  much  from  the  operation  of 
circumstances  which  influence  attraction,  as  from  diffe- 
rences in  the  strength  of  the  power  itself.  Nor  do  they 
even  express  the  order  of  these  decompositions  with  accu- 
racy, since  the  influence  of  quantity,  which  undoubtedly 
modifies  the  results  to  a certain  extent,  has  been  neglect- 
ed in  the  experiments  on  which  they  are  founded.  They 
are  therefore  of  less  utility  than  has  been  believed.  As 
they  may  be  condensed,  however,  in  a short  space,  and 
may  sometimes  be  consulted,  I have  given  them  a place. 
Those  inserted  are  Bergman’s,  corrected  by  Dr  Pearson. 
Their  construction  is  simple.  Each  column  represents 
the  affinities  of  the  substance,  the  name  of  which  is  placed 
at  the  head,  to  the  substances  the  names  of  which  are  in- 
serted beneath,  in  the  supposed  order  of  the  strength  of 
these  affinities : those  which  are  at  the  head  of  the  column 
having  stronger  attractions  to  it  than  those  beneath,  and 
therefore  decomposing  the  compounds  of  those  beneath. 
Thus,  from  the  first  table  it  is  understood  that  carbon  ex- 
erts the  strongest  attraction  to  oxygen,  and  will  therefore 
decompose  all  the  compounds  which  oxygen  forms  wdth 
the  others.  Zinc  is  placed  next ; it,  of  course,  will  not  de- 
compose the  compound  of  oxygen  with  carbon,  but  will 
decompose  the  rest.  No  better  proof  can  be  given  of  the 
uncertainty  of  these  tables,  than  what  happens  to  be  af- 
forded by  this  first  example ; for  although  in  the  table 
zinc  is  inferior  to  carbon  in  its  attraction  to  oxygen,  yet 
it  decomposes  partially  the  compound  of  carbon  and  oxy- 
gen ; and  carbon,  on  the  other  hand,  can  be  made  to  de- 
compose the  compound  of  oxygen  and  zinc, — merelj^  as  the 
circumstances  are  changed  under  which  these  substances 
are  made  to  act. 
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a’AlJLE  OF 


TABLE  OF  AFFINITIES. 


1. 

Platina 

VII. 

IX. 

XL 

OXVOEK. 

Mercury 

SULrinj  RETTED 

BARYTES. 

MME. 

— 

Silver 

HVDROGEK. 



Carbon 

Gold 

— 

Acids 

Acids 

Zinc 

Barytes 

Sulphuric 

Oxalic 

Iron 

III. 

Potash 

Oxalic 

Sulphuric 

Hydrogen 

NITROGEN. 

Soda 

Succinic 

Tartaric 

Manganese 

— 

Lime 

I’luoric 

Succinic 

Cobalt 

Oxygen 

Ammonia 

Phosphoric 

Phosphoric 

Nickel 

Hydrogen 

Magnesia 

Saccho-Iactic 

Saccho-Iactic 

Lead 

'Zircon 

Nitric 

Nitric 

Tin 

IV. 

Muriatic 

Muriatic 

Phosphorus 

HYDROGEN. 

VIII. 

Citric 

Fluoric 

Chopper 

— 

Tartaric 

Arsenic 

Bismuth 

Oxygen 

AMMONIA,  PO- 

Arsenic 

Citric 

Antimony 

Suljihur 

TASH  AND  SO- 

Benzoic 

Benzoic 

Quicksilver 

Carbon 

DA. 

Acetic 

Acetic 

Arsenic 

Phosphorus 

— 

Boracic 

Boracic 

S'ulphur 

Nitrogen 

Acids 

Sulphurous 

Siilpliurous 

Gold 

Sulphuric 

Nitrous 

Nitric 

Silver 

V. 

Nitric 

Carbonic 

Carbonic 

Platina 

CARBON. 

iVIuriatic 

Prussic 

Prussic 

Muriatic  Acid 

Fluoric 

Sulphur 

Sulphur 

Phosphoric 

II  ». 

I roll 

Oxalic 

X. 

XII. 

OXYGEN. 

Hydrogen 

Tartaric 

STRON’TITES. 

MAGNESIA. 

Titanium 

VI. 

Succinic 

Acids 

Acids 

Manganese 

SITLPHUR. 

Citric 

Sulphuric 

Oxalic 

Zinc 

— 

Benzoic 

Oxalic 

Phosphoric 

Iron 

Oxygon 

Acetic 

Tartaric 

Sulphuric 

Tin 

Potash 

Saccho-Iactic 

Fluoric 

Fluoric 

Uranium 

Soda 

Boracic 

Nitric 

Arsenic 

Molybdena 

Iron 

Sulphurous 

Muriatic 

Saccho- lactic 

Tungsten 

Copper 

Nitrous 

Succinic 

Succinic 

Cobalt 

Tin 

Carbonic 

Phosphoric 

Nitric 

.Antimony 

Lead 

I’russic 

Acetic 

IMuriafic 

Nickel 

Silver 

AVater 

Arsenic 

Tartaric 

Arsenic 

Bismuth 

Oil 

Boracic 

Citric 

Chrome 

Antimony 

Sulphur 

Carbonic 

Benzoic 

Bismuth 

Quicksilver 

Sulphur 

Acetic 

Load 

Arsenic 

Boracic 

Copper 

Molybdena 

Sulphurou* 

1‘ellurium 

Tellurium 

Carbonic 

Iliis  is  Vauquelin’s  table  of  tlic  affinities  of  oxygen  for  metals,  founded  an 
<hc  difficulty  with  which  their  oxides  arc  decom2)osod  by  heat. 
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Prussic 
Sulphur, 


XIII. 

ALUMINA. 

Acids 

Sulphuric 
Nitric 
Muriatic 
Fluoric 
Arsenic 
Oxalic 
Tartaric 
Phosphoric 
Acetic 


Alumina 
Metallic  Oxides 

XVIII. 

suLruiuioos 

ACID. 


XIV. 

SI  LEX. 


Fluoric  Acid 
Potash 


XV^ 

ACIDS  NITRIC 
AND  NITROUS. 


Barytes 
Strontites 
Lime 
Potash 
Soda 

Magnesia 
Ammonia 
Alumina 
Metallic-Oxides 


XXIII. 

ARSENIC  ACID. 


Lime 
Barytes 
Strontites 
Magnesia 
Potash 
Soda 

Ammonia 
Alumina 
Metallic  Oxides 


Potash 
Soda 
Barytes 
Strontites 
Lime 
Magnesia 
Ammonia 
Alumina 
MetallicOxides 


XIX. 

PHOSPHORIC 

ACID. 

Lime 

Barytes 

Strontites 

Magnesia 

Potash 

Soda 

Ammonia 

Alumina 

MetallicOxides 


The  same  as  in 

NO.  19. 


XXV. 

TARTARIC  ACID, 


The  same  as  in 

NO.  19. 


XVI. 

ACIBS  MURIATIC 
AND  OXYMURIA- 

ric. 

The  same  as  in 

No.  15. 


XVII. 

SULPHURIC 

ACID. 

Barytes 

Strontites 

Potash 

Soda 

Lime 

Magnesia 

Ammonia 


XX. 

CARBONIC  ACID. 

Barytes 

Strontites 

Lime 

Fixed  Alkalis 

Magnesia 

Ammonia 

Alumina 

MetallicOxides 


XXL 

FLUORIC  ACID. 


The  same  as  in 

NO.  1 9. 


XXII. 

BORACIC  ACID. 

The  same  as  in 

NO.  19. 


XXIV. 
oxalic  acid. 


XXX. 
acetic  acid. 

Barytes 

Potash 

Soda 

Ammonia 

Lime 

Magnesia 

Alumina 

MetallicOxides 


Acetic 
Succinic 
Prussic 
Carbonic 
Ammonia 


XXXI. 
prussic  acid. 

Potash 

Soda 

Ammonia 

Lime 

Barytes 

Strontites 

Magnesia 

Alumina 

MetallicOxides 


XXVI. 
citric  acid. 

Lime 

Barytes 

Magnesia 

Potash 

Soda 

Ammonia 

Alumina 

MetallicOxides 


XXVII. 
benzoic  acid. 


The  same  as  in 

NO.  26. 


XXVI II. 
succinic  acid, 


The  same  as  in 

NO.  26. 


XXXIV. 

OXIDE  OF  PLA- 

tina. 

Alther 
Acids 
Muriatic 
Nitric 
Sulphuric 
Arsenic 
Fluoric 
Tartaric 
Phosphoric 
Oxalic 
Citric 
Acetic 
Succinic 


XXXII. 

OXIDE  OP  GOLD, 

iEther 
Acids 
Muriatic 
Nitric 
Sulphuric 
Arsenic 
Fluoria 
Tartaric 
Phosphoric 
Prussic 
Fixed  Alkalis 
Ammonia 


XXIX. 

SACCHO-LACTIC 

ACID. 

The  same  as  in 

No.  26. 


XXXIII. 

OXIDE  OF  SIL- 
VER. 

Acids 
Muriatic 
Oxalic 
Sulphuric 
Saccho- lactic 
Phosphoric 
Nitric 
Arsenic 
Fluoric 
Tartaric 
Citric 


XXXV. 

OXIDE  OF  QUICK- 
SILVER. 

Acids 
Muriatic 
Oxalic 
Succinic 
Phosphoric 
Arsenic 
Sulphuric 
Saccho-lactic 
Tartaric 
Citric 
Nitric 
Fluoric 
Acetic 
Boracic 
Prussic 
Carbonic 


XXXVI. 

OXIDE  OF  COP- 
PER. 

Acids. 

Oxalic 
Tartaric 
Muriatic 
Sulphuric 
Saccho-lactic 
Nitric 
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! Arsenic 

XXXIX. 

Citric 

Arsenic 

XLiX. 

Phos[)1ioric 

OXIDE  OF 

Acetic 

I'artaric 

OXIDE  OF 

Succinic 

LKAD. 

Arsenic 

Phosphoric 

URANIUM. 

Fluoric 

— 

Boracic 

Sulphuric 

Citric 

Acids 

Prussic 

Muriatic 

Acids 

Acetic 

Sulphuric 

Carbonic 

Nitric 

Sulphuric 

IJoracic 

Saccho-lactii 

Ammonia 

Fluoric 

Muriatic 

I’russic 

Oxalic 

Saccho-lactic 

u-  Nitric 

Carbonic 

Arsenic 

XLII. 

Succinic 

Pliosplioric 

Fixed  Alkalis 

Tartaric 

OXIDE  OF 

Citric 

Acetic 

Ammonia 

Phosphoric 

Muriatic 

COBALT. 

Acetic 

Prussic 

Prussic 

Carbonic 

XXXVII. 

OXIDE  OF 
IHON. 

Nitric 

Fluoric 

Citric 

The  same  as  in 
NO,  41. 

Carbonic 

Ammonia 

Sulphur 

L. 

■ ■ 

Acetic 

XLIII. 

XLVI. 

ALKOHOL. 

Acids 

Boracic 

O-XIDE  OF 

OXIDE  OF 



Oxalic 

Prussic 

MANGANESE. 

ANTIMONY. 

Water 

Tartarip 

Carbonic 

— 

— 

Aither 

Sulphuric 

Fixed  Alkali 

Acids 

Acids 

Volatile  Oils 

Saccho-lactic 

Oxalic 

Muriatic 

Ammonia 

Muriatic 

XL. 

Tartaric 

Oxalic 

Fixed  Alkalies 

Nitric 

OXIDE  OF 

Citric 

Sulphuric 

Suipliur 

Phosphoric 

Arsenic 

ZINC. 

Fluoric 

Phosphoric 

Nitric 

Tartaric 

Muriates 

Fluoric 

Acids 

Nitric 

Saccho-lactic 

LI. 

Succinic 

Oxalic 

Sulphuric 

Phosphoric 

JETHER. 

Citric 

Sulphuric 

IMuriatic 

Citric 

Acetic 

Muriatic 

Arsdnic 

Succinic 

Alkohol 

Boracic 

Saccho-lactic 

Acetic 

Fluoric 

^’olatile  Oils 

Prussic 

Nitric 

Arsenic 

Water  ' 

Carbonic 

Tartaric 

Phosphoric 

XLIV. 

OXIDE  OF 

Acetic 

Boracic 

LII. 

XXXVIII. 

Citric 

AUSENIC. 

Prussic 

VOLATII.E  OILS- 

OXIDE  OF 

Succinic 



Carbonic 



TIN. 

Fluoric 

Arsdnic 

Acetic 

Acids 

Muriatic 

Oxalic 

Sulphur 

.F:ther 
Alkohol 
Fixed  Oil 

Acids 

XLVIl. 

Tartaric 

Boracic 

Sulphuric 

' OXIDE  OF 

Fixed  Alkalies 

Muriatic 

Sulphuric 

Prussic 

C.arbonic 

Nitric 

Tartaric 

TELLURIUM. 

Sulphur 

Oxalic 

Ammonia 

Phosphoric 

Acids 

LI  II. 

Arsenic 

Fluoric 

Nitric 

FIXED  OILS. 

Phosphoric 

XLI. 

Saccho-lactic 

Sulphuric 

Nitric 

OXIDE  or 

Succinic 

Sulphur 

Lime 

Succinic 

NICKEL. 

Citric 

Alkalies 

MetallicOxides 

Fluoric 

— 

Arsenic 

Quicksilver 

.Fther 

Saccho-lactic 

.Acids 

Acetic 

V'olatile  Oil 

Citric 

Oxalic 

Prussic 

XLVIII. 

Fixed  Alkali 

Acetic 

Boracic 

IMuriatic 

Sulphuric 

Ammonia 

OXIDE  OF 
TITANIUM. 

^’olatilc  Alkali 
Sulphur 

Prussic 

Tartaric 

XLV. 

— 

Fixed  Alkali 

Nitric 

OXIDE  OF 

Acids 

Ammonia 

Phosphoric 

Fluoric 

BISMUTH. 

Sulphuric 

Nitric 

• 

Saccho-lactic 

Succinic 

Acids 

Oxalic 

Muriatic 

Prussic 
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TABLES  OP  neutralization  OF  THE  ACIDS 
AND  THE  ALKALINE  BASES. 

The  first  of  these  tables  is  that  by  Kirwan,  referred  to 
page  185.  It  shews  the  relative  powers  of  the  principal  acids 
in  producing  neutralization  of  the  different  alkaline  bases,  from 
the  quantities  of  the  latter  which  equal  weights  of  the  former 
neutralize;  and  in  like  manner  the  powers  of  these  bases  (ta. 
king  them  in  equal  weights,)  in  neutralizing  the  acids.  It  is 
therefore  a table  of  the  combining  quantities  of  these  sub- 
stances, though  not  reduced  to  a common  standard.  The 
numbers  are  not  altogether  correct,  from  the  imperfections  of 
analysis,  nearly  unavoidable,  when  these  researches  were  first 
undertaken.  But  1 insert  the  table  as  being  sometimes  refer- 
red to,  and  as  deriving  some  interest  from  its  connection  with 
the  history  of  the  investigation.  The  first  division  represents 
the  powers  of  the  acids  in  equal  weights  in  producing  neu- 
tralization of  the  bases ; 100,  for  example,  of  sulphuric  acid 
neutralizing  121.48  of  potash,  78.32  of  soda,  &c. ; the  second 
represents  in  like  manner  the  powers  of  the  bases  in  equal 
weights  in  neutralizing  the  acids. 

The  second  table,  that  by  Fischer,  referred  to  page  137, 1 in- 
sert for  the  same  reason.  It  is  founded  on  the  numerous  ex- 
periments of  Richter,  and  is  so  far  reduced  to  a standard,  that 
the  combining  weight  of  each  substance  is  expressed  by  a spe- 
cific number,  the  quantity  of  each  substance  in  the  one  column 
neutralizing  the  respective  quantities  of  the  substances  in  the 
other,  525  of  alumina,  for  example,  neutralizing  427  of  fluoric 
acid,  577  of  carbonic  acid,  &c. ; and  these  quantities  in  each 
denoting  therefore  their  relative  neutralizing  powers,  or  com- 
bining weights.  The  numbers  can  only  be  considered  as  ap- 
proximations to  accuracy. 
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TABLES  OF  KIRWAN. 


I. 


100  Parts  of 

Potash. 

Soda. 

Ammonia. 

Barytes,  jstrontites. 

1 

Lime. 

f 

Magnesia. 

Sulphuric  Acid 

121.48 

78.32 

26.05 

200.  1 138. 

70. 

57.92 

Nitrous  Acid 

117.7 

73.43 

40.35 

178.12  1 116.86 

55.7 

47.64 

Muriatic  Acid 

177.6 

136.2 

58.48 

314.46  } 216.21 

118.3 

89.8 

Carbonic  Acid 

95.1 

149.6 

— 

354.5  I231.-}- 

122. 

50. 

II. 


100  Parts  of 

Sulphuric  Acid. 

Nitrous  Acid. 

Muriatic  Acid. 

Carbonic  Acid. 

Potash 

82.48 

84.96 

56.3 

105  almost. 

Soda 

127.68 

135.71 

73.41 

66.8 

Ammonia 

383.8 

247.82 

171. 

Variable. 

Barytes 

50. 

56. 

31.8 

282. 

Strontites 

72.41 

85.56 

46. 

43.2 

Lime 

143. 

179.5 

84.488 

81.81 

Magnesia 

172.64 

210. 

1 1 1 .35 

200. 

Alumina 

1 150.9 

— 

— 

335. 

TABLE  OF  FISCHER. 


Bases. 

Acids. 

Alumina 

Fluoric 

Magnesia,  

Carbonic 

Ammonia,  

Muriatic,  

Lime 

Oxalic,  

Soda,  

Phosphoric,  

Strontites, 

...1329 

Sulphuric,  

Potash, 

Succinic,  

Barytes,  

...2222 

Nitric,  

Acetic, 

Citric, 

Tartaric,  

TABLES  OF  COMBINING  QUANTITIES 
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TABLE  OF  THE  COMBINING  QUANTITIES,  OR  THE  WEIGHTS  OF 
THE  ATOMS  OF  BODIES,  BY  DALTON. 

[The  numbers  in  this  Table  are  referred,  as  has  been  stated  (p.  151.)  to 
hydrogen,  stating  the  weight  of  its  atom  at  1 ; and  the  mode  of  reducing  them 
to  the  corresponding  results  in  the  other  Tables  has  been  explained.] 


1. 

O-xygen 

45.  Nitrous  acid  

2. 

Hydrogen 

1 

46.  Carbonic  oxide 

.12.4 

Azote 

47.  Carbonic  acid 

.19.4 

4. 

Carbone 

48.  Sulphurous  oxide 

.20 

5. 

Sulphur 

49.  Sulphurous  acid 

.27 

6. 

Phosphorus 

50.  Sulphuric  acid 

7. 

Gold 

51.  Phosphorous  acid  

8. 

Platina 

100? 

52.  Phosphoric  acid 

.23 

9. 

Silver 

53.  Ammonia 

10. 

Mercury 

167 

54.  Olefiant  gas 

11. 

Copper  

55.  Carburetted  hydrogen 

12. 

Iron  

56.  Sulphuretted  hydrogen 

..14 

13. 

Nickel  

57.  Supersulphuretted  hydrogen  27 

14. 

Tin 

58.  Phosphuretted  hydrogen.... 

..10 

15. 

Lead 

59.  Phosphuretted, sulphur 

16. 

Zinc 

60.  Superphosphuretted  sulphut 

51 

17. 

Bismuth 

68? 

6 1 . Hydrate  of  potash  

18. 

Antimony  

62.  Potassium,  or  hydruret  of  po- 

19. 

Arsenic 

tash 

SO. 

Cobalt 

63.  Carbonate  of  potash  

21. 

Manganese  

...! 40? 

64.  Hydrate  of  soda 

22. 

Uranium 

65.  Sodium,  or  hydruret  of  soda  29 

25. 

Tungsten  

66.  Carbonate  of  soda 

24. 

Titanium  

67.  Hydrate  of  lime 

25. 

Cerium  

68.  Carbonate  of  lime 

26. 

Potash  

69>  Sulphate  of  lime 

27. 

Soda 

70.  Nitrate  of  lime  

28. 

Lime  

71.  Muriate  of  lime  

29. 

Magnesia 

72.  Hydrate  of  barytes 

30. 

Barytes  

73  Carbonate  of  barytes 

..87 

31. 

Srrontites  

46 

74.  Sulphate  of  barytes 

102 

32. 

Alumine 

75.  Nitrate  of  barytes 

106 

33. 

Silex 

76.  Muriate  of  bary  tes 

34. 

Ittria 

53 

77.  Sulphate  of  alumine  

..49 

35. 

Glucine  

78.  Nitrate  of  alumine 

36. 

Zircone  

79.  Muriate  of  alumine  

37. 

Water 

8 

SO.  Alum  

272 

38. 

Fluoric  acid  

15 

8 1 . Potassiuretted  silex,  or  glass  87 

39. 

Muriatic  acid  

82.  Superpotassiuretted  silex .... 

129 

40. 

Oxymuriatic  acid  ., 

8.3.  Potash,  silex  and  lime 

135 

41. 

Nitrous  gas 

84.  Potash,  silex  and  barytes.... 

155 

42. 

Nitrous  oxide 

17 

85  Fluate  of  silex  

4.3. 

Nitric  acid  

86.  Subpotassiu'-etted  ammonia. 

..54 

44. 

Oxy nitric  acid  ...... 

87.  Oxymuriate  of  olefiant  gas. 

,.41 

1% 
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TABLE  OF  CHEMICAL  EQUIVALENTS  BY  DR  WOLLASTON. 


Phosphorus 

Muriatic  Acid  (dry) 

.54.1 

47,0 

Magnesia,  

97, 

40, 

....125,5 

Subcarb.  of  Ammonia  .... 

Subcarb.  of  Soda 

Subcarb.  of  Potash 

Carbonate  of  Lime 



...  124,5 

Lead  

Sulphuric  acid  (dry) 50, 

Sulphate  of  Soda 89,1 

Potash 109,1 

Magnesia 74,6' 

Lime 85,5 

Strontia 1 19,0 

Barytes 147,0 

Copper 156,6 

Iron 1 75,8 

Zinc 180,2 

■ — Lead  189,5 

Nitric  acid  (dry)  67,54 

Nitrate  of  Soda 106,6 

Potash  126,6 

Lime 105,0 

Barytes 164,5 

Lead  207,0 

Muriate  of  Ammonia 66,9 

Soda  73,2 

l^otash 95,2 

Lime  69,6 

Barytes IS  1,0 

Lead 1 75,6 


Silver  179,1 

Corrosive  Sublimate 170,1 

Calomel  296,1 

Phosphate  of  Lead  176,9 

Oxalate  of  Lead, 186,5 

Bin-Oxalate  of  Potash 155,0 


Though  the  numbers  in  this  table  are  referred  to  oxygen  as 
a standard,  the  real  measure  from  which  the  greater  number 
of  the  substances  are  compared  to  each  other  is  carbonate  of 
lime a compound  which  Dr  Wollaston  selected  as  most  dis- 

tinctly neutral,  easy  to  obtain  in  a state  of  purity,  and  to  ana- 
lyse, a convenient  measure  for  the  powers  of  acid,  and  afford- 
ing the  most  distinct  expression  for  the  comparative  neutral- 
izing powers  of  alkalis.  It  remains  to  explain  how  the  stan- 
dard is  connected  with  it,  and  the  other  numbers  inferred. 

Carbonate  of  lime  is  a compound  of  lime  and  carbonic  acid. 
Carbonic  acid  is  a compound  of  carbon  and  oxygen.  Sup- 
posing that  oxygen  is  to  be  assumed  as  a standard,  and  ex- 
pressed by  10,  what  is  the  number  to  be  applied  to  carbonic 
acid  ? This  follows  from  its  composition — 20  of  oxygen  are 
combined  with  7.54-  of  carbon,  forming  carbonic  acid  ; but 
there  is  another  definite  compound, — carbonic  oxide,  in  which 
10  of  oxygen  are  combined  with  7.54-  of  carbon.  In  this  lat- 
ter compound,  therefore,  the  lowest  combining  quantity  of 
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oxygen  is  combined  with  carbon,  and  in  the  other  twice  this 
quantity;  hence  carbon  is  represented  by  7.54-,  oxygen  by  10, 
carbonic  oxide  by  17-54,  and  carbonic  acid  by  27.54- 

Carbonate  of  lime  is  a compound  of  43.7  of  carbonic  acid, 
and  56.3  of  lime;  or  27-54  and  35-46.  The  number  27.54  re- 
presenting carbonic  acid,  it  follows  therefore  that  lime  must 
be  represented  by  35-46,  and  carbonate  of  lime  by  63. 

If  63  of  carbonate  of  lime  are  decomposed  by  muriatic  acid, 
the  solid  product  after  exposure  to  heat  will  be  found  to  weigh 
69.56.  Deducting  from  this  35,46  of  lime,  the  quantity  in  63 
of  carbonate,  it  leaves  34.1  as  the  quantity  of  muriatic  acid  in 
combination  with  the  lime  ; the  quantity  of  this  acid  equivalent 
therefore  to  27.54  of  carbonic  acid,  and  to  10  of  oxygen. 

The  equivalent  weights  of  the  other  acids  may  be  found  in 
a similar  manner ; and  these  being  obtained,  it  may  be  found 
by  experiment  what  quantities  ot  the  other  bases  besides  lime 
are  necessary  to  neutralize  them  ; and  thus  the  equivalent 
quantities  of  these  bases  may  be  obtained.  In  this  manner, 
by  prosecuting  the  series  of  combinations,  the  numbers  as- 
signed to  all  the  substances  in  the  table  can  be  found.  Dr 
Wollaston  has  added  the  data  and  authorities  on  which  he  has 
established  the  results,  in  his  paper,  (Philosophical  Transac- 
tions 1814,)  to  which  I refer.  The  scale  itself,  already  explain- 
ed, p.  155,  is  delineated  Plate  VI, 
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[Oxygen 

Sulphur 

Phosphorus 

I^Iuriatic  radical 
i Fluoric  radical.. 

jBoron 

I Carbon 

iNitric  radical.... 

Hydrogen 

Arsenic 

iMolybdenum.... 

j Chromium 

I Tungsten 

jAntimony 

[Tellurium 

;Titanium 

iSilicium 

!llhodium 

[Platinum 

Gold 


100.00 
.201.00 
.167.512 
.159.56  I 
. 60. 

. 73.273 
.75.1  ; 

. 79.54 
. 6.656 

859.9  I 
,601.56  1 
708.045 


jSilver 

Mercury... 

Copper 

Nickel 

Cobalt 

Bismuth... 

Lead 

Tin 

Iron 

Zinc 

3Ianganese 
Cerium 


2424.24 
1612.96 
. 806.48 
1801. 

216.66 

.1490.51 

,1206.7 

,2485.8 


Yttrium 

Aluminum. 
Magnesium 
Strontium.. 
Barytum..., 
Calcium.... 
Sodium...  . 
Potassium.. 


.2688.17 
,2531.6 
. 806.48 
- 7.55.8 
, 752.61 
.1774. 
2597.4 
,1470.59  ‘ 
, 695.64 
. 806.45 
, 711.575 
,1148.8 
. 881.66 
228.025 
. 515,16 
1418.14 
1709.1 
510.2 
579.52 
978.0 


lf)8  TABLES  OF  PROPORTIONS  OF  GASEOUS  COMPOUNDS. 

As  connected  with  the  preceding  subjects,  the  table  of  Gay- 
Lussac,  shewing  the  simple  proportions  by  volume,  in  w’hich 
bodies  in  the  gaseous  form  combine,  may  be  inserted  ; and  I 
have  added  a table  on  the  same  subject  by  Mr  Dalton. 


TABLE  OF  THE  PROPORTIONS  OF  DIFFERENT  COMPOUNDS  WHOSE 
ELEMENTS  ARE  GASEOUS,  BY  GAY-LUSSAC. 


Substances.  j 

I’roportions 

in  volume.  | 

Proportions 

in  weight. 

Muriate  of  ammonia' 100  i^as  am. 

100  gas  murJ 

ammon.  38,35 

ac.  mur.  61,65 

Carbonate  of  ammo- 

100  idem 

idem  28,19 

ac.  carb.  71,81 

nia  neutral 

1 00  g.  carb. 

Sub-car.  of  ammonia 
Fluo-borate  of  am- 
monia 

Sub-fluo-borate  of 

100  idem 
100  idem 

50  idem 
100  g.  fluob. 

idem  43,98 

idem  56,02 

100  idem 

50  idem 

ammonia 

Water 

100  gas  hyd. 

50  gas  oxy. 

oxy.  86,753 

hyd.  13,267 

Nitrous  oxide  gas 

100  nitrog. 

50  oxygen 

nitrog.  63,72 

oxy.  36,28 

Nitric  oxide  gas 

100  idem 

100  idem 

idem  46,757 

idem  53,‘J13 

Nitric  acid 

100  idem 

200  idem 

idem  30,512 

idem  69,488 

Nitric  acid 

200  g.  nitr. 

100  gas  oxy. 

idem 

idem 

Nitrous  acid  gas 

500  idem 

100  idem 

nitrog.  34,507 

idem  65,493 

Ammonia 

100  nitrog. 

300  hydr. 

idem  81,525 

hyd.  18,475 

Sulphuric  acid 

100  sulphu- 
rous acid. 

50  gas  oxy. 

sulph.  42,016 

oxy.  57,984 

Sulphurous  acid 

idem  52,083 

idem  47,91 

Oxymuriatic  acid 

300  g.  mur. 

100  oxygen 

ac.  mur.  77,65 

oxy.  22,55 

100  Carbonicacidgas 

100  g.  oxide 
of  carbon 

50  gas  oxy. 

carb.  27.576 

oxy.  72,624 

100  Carbonic  acid  jias 

1 

100  oxygen 

1 

idem 

idem 

100  Carbonic  oxide 

50  gas  oxyg. 

carb.  42,99 

oxy.  57,01 

TABLE  OF  THE  PROPORTIONS  OF  THE  CONSTITUENT  PRINCIPLES 
OF  COMPOUND  GASES,  BY  DALTON. 


Names  of  tlie 
compounds. 

Constituent  principles  of  100 
measures  of  the  compound. 

Constituent  principles  of  100 
weight  of  the  compound. 

Ammon,  gas 

Measures. 
52  azote 

Measure.^. 
133.  liyd. 

83  azote 

17  hyd. 

Water 

100  oxyg. 

200  hyd. 

87  oxy. 

12.5  hyd. 

Nitrous  gas 

46  azote 

55  oxyg 

42  azote 

58  oxygen 

Nitr.  oxide 

99  azote 

58  oxyg 

59  azote 

41  oxygen 

Nitric  acid 

180  nit.  gas 

100  oxy. 

27  azote 

73  oxygen 

Nitrous  acid 

360  nit.  gas 

100  oxy. 

33  azote 

67  oxygon 

Oxym.  acid 

150  mur.  acid 

50  oxy. 

76  mur.  acid 

24  oxygen 

Sulphs.  acid 

100  oxygen 

sulphur 

52  oxy. 

48  sulphur 

Sulphc.  acid 

100  sul.  acid 

50  oxy. 

79^  sul.  acid 

20^  oxyg 

L'arb-  oxide 

47  oxy. 

charcoal 

55  oxy. 

45  chare. 

Carb.  acid 

100  oxy. 

charcoal 

72  oxy. 

28  chare. 

Carbur.  hyd. 

200  hydr. 

1 part  ch 

27  hyd. 

75  chare. 

Olefiant  gas 

200  hydr. 

2 parts  ch. 

15  hyd. 

85  chare. 

Sulph.  hyd. 

1 00  hydr. 

sulphur 

7 hyd. 

93  sulph. 

i\Iur.  of  am. 

100  mur.  acid 

100  am.  g. 

65  mur.  acid 

35  am.  gas 

Carb.  of  am. 

1 00  carb.  acid 

80  am.  g. 

76  carb.  acid 

24  am.  gas 

.Subc.  of  am. 

100  carb.  acid 

160  am.  g. 

61  carb.  acid. 

39  am.  gas 
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BOOK  II. 

OF  REPULSION  AND  THE  POWERS  BY  WHICH  IT  IS 

PRODUCED. 


J^aving  stated  the  general  doctrines  relating  to  the  At- 
traction which  operates  on  the  particles  of  matter,  giving 
rise  to  chemical  phenomena,  we  have  next  to  consider  the 
agencies  of  those  forces  by  which  repulsion  is  established 
between  these  particles,  and  their  mutual  attractions  are 
counteTacted  or  modified. 

The  most  general  cause  of  Repulsion  is  the  operation  of 
the  power  or  principle  which  gives  rise  to  the  phenomena 
of  Heat,— a power  which  in  the  language  of  modern  che- 
mistry has  been  denominated  Caloric.  It  is  diffused  over 
all  the  forms  and  varieties  of  matter,  is  capable  in  e\eiy 
body  of  being  diminished  or  increased  ; according  to  its 
intensity  it  separates  the  particles  to  greater  distances,  and 
by  this  agency  has  an  important  influence  in  chemical  ac- 
tion. 

Electricity,  especially  under  that  modification  which  con- 
stitutes Galvanism,  appears  to  exert  a similar  agency.  It 
establishes  repulsion,  and  is  even  more  powerful  in  coun- 
teracting chemical  affinity,  and  in  separating  the  elements 
of  bodies  from  a state  of  combination.  It  has  also  an  in- 
timate relation  with  Caloric,  or  is  capable  of  producing  in 
high  intensity  the  phenomena  of  Heat. 

With  both  these  Light  is  connected.  Its  connection 
with  Heat  has  long  been  observed,  and  has  even  led  to 
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the  opinion  entertained  by  some  philosophers  of  their  ul- 
timate identity.  Electricity  appears  likewise  to  have  re- 
lations with  Light ; for  bodies  subjected  to  the  electric  in- 
fluence become  highly  luminous.  Light,  too,  may  be  re- 
garded as  a repulsive  agent.  Its  particles  are  mutually  re- 
pellent; it  subverts  chemical  combinations;  and  its  agen- 
cy perhaps  depends  as  much  on  the  repulsion  it  may  com- 
municate, as  on  the  affinities  it  has  been  supposed  to  ex- 
ert. 

These  forces  having  thus  intimate  connection,  and  having 
a strict  relation  in  the  chemical  agencies  they  exert,  may 
be  classed  together,  and  may  be  regarded  .as  general  powers 
producing  Repulsion,  and  in  consequence  of  this  modify- 
ing the  exertion  of  Chemical  Attraction. 

'I  he  opinion  has  been  generally  received,  that  they  are 
not  merely  general  forces,  but  are -material  substances. 
With  regard  to  Light  this  appears  to  be  sufficiently  esta- 
blished ; but  with  regard  to  the  others,  the  opinion  is  more 
doubtful.  If  even  their  materiality,  however,  were  admit- 
ted, they  are  still  peculiar  in  their  characters.  They  are 
present  in  all  bodies,  or  at  least  are  capable  of  being 
transmitted  through  them  ; they  are  not  capable  of  bein|. 
insulated  or  obtained  in  a separate  state  of  existence ; no 
specific  affinities  can  be  ascribed  to  them  ; nor  can  their 
paiticular  combinations  be  traced.  They  may  therefore, 
with  sufficient  propriety,  and  with  the  least  assumption  of 
hypothesis,  be  considered  as  General  Powers, 
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CHAP.  I. 


OF  CALORIC. 


the  sensations  we  experience,  none  are  more  familiar 
than  those  of  Heat  and  Cold ; and  with  regard  to  these, 
no  fact  is  more  familiar  than  that  the  same  body  applied 
to  our  organs  will,  at  different  times,  excite  very  different 
degrees  of  sensation,  or  even  sensations  totally  dissimilar; 
being  capable,  at  one  time,  of  occasioning  the  feeling  of 
intense  cold ; after  a short  interval,  conveying  perhaps 
an  agreeable  warmth  ; and  by  another  change  of  circum- 
stances causing  extreme  heat.  From  this  it  is  evident, 
that  the  power  of  producing  these  sensations  does  not  de- 
pend upon  the  matter  itself,  which  is  applied  to  our  or- 
gans ; for  every  shade  of  sensation  is  produced,  without 
the  qualities  of  that  matter  being  permanently  changed. 
It  is  considered  therefore  as  depending  on  the  operation 
of  a certain  power  or  subtle  principle,  present  in  bodies^ 
and  which,  according  to  its  quantity,  gives  rise  to  the 
power  of  exciting  different  sensations,  if  the  body  ap- 
plied contain  a certain  quantity  of  it,  the  sensation  of  heat 
is  excited  ; if  the  quantity  be  diminished  to  a certain  ex- 
tent, that  of  cold  is  produced  ; and  the  intensity  of  either 
sensation  is  proportional  to  the  accumulation  or  diminu- 
tion of  this  principle. 

Even  in  familiar  language,  this  distinction  is  observed. 
If  a piece  of  iron  be  made  hot,  we  conceive  that  a quan- 
tity of  a power  or  principle  which  we  call  heat  has  been 
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introduced  into  it ; and  that  the  property  the  iron  in  this 
state  has,  of  affecting  the  organs  of  animals  in  a peculiar 
manner,  depends  on  the  presence  of  this  power.  When 
the  iron  is  left  to  cool,  we  suppose  that  it  parts  with  its  ex- 
cess of  heat;  and  accordingly,  we  find,  that  after  a short 
time,  it  will  excite  the  sensation  only  of  gentle  warmth. 
It  may  be  cooled  farther,  so  as  to  induce  the  sensation  of 
cold ; and  though  this  was  once  conceived  to  be  owing  to 
the  introduction  of  a positive  power,  opposed  in  its  nature 
to  that  of  heat,  the  discoveries  of  philosophy  have,  even  in 
this  point,  been  extended  to  common  opinion,  and  the 
power  of  producing  the  sensation  of  cold  is  considered  as 
depending  merely  on  the  body  being  larther  deprived  of 
the  principle  of  heat. 

Such  is  the  manner  in  which  we  are  to  view  these  phe- 
nomena. There  exists  a principle  or  power,  capable  of 
being  communicated  to  all  bodies.  When  present  to  a 
certain  extent,  it  occasions,  in  animals,  the  sensation  of 
lieat ; and  the  intensit}'^  of  this  varies  with  the  quantity  in 
which  it  is  accumulated  in  the  body  exciting  the  sensation. 
When  thus  present  in  one  body  it  may  be  transferred  to 
another,  and  then  the  power  of  exciting  the  peculiar  sen- 
sation is  also  transferred.  In  the  example  we  have  taken, 
the  piece  of  iron  red-hot  may  be  deprived  of  its  heat,  by 
plunging  it  into  water,  and  m this  case  the  waiter  becomes 
hot  in  its  turn ; the  water  may  equally  be  deprived  of  it, 
and  thus  the  excess  of  power  may  be  transferred  from  one 
body  to  another,  in  whole  or  in  part,  until  an  equilibrium 
is  established. 

Philosophers  have  further  observed  other  effects  to  a- 
rise  from  the  introduction  of  this  power.  Wdien  a body 
acquires  the  power  of  exciting  a stronger  sensation  of  heat, 
it  is  also  expanded,  or  its  volume  is  augmented  in  every  di- 
rection. The  piece  of  iron,  for  example,  when  hot,  occu- 
pies more  volume  than  when  cold.  When,  therefore,  any 
hot  body  is  cooled,  the  volume  is  diminished,  and  the  di- 
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minution  or  increase  of  expansion  is  greater  or  less  ac- 
cording to  the  abstraction  or  addition  of  the  power  on 
which  these  effects  depend. 

It  has,  lastly,  been  proved,  that  when  the  expansion  a- 
rising  from  the  communication  of  heat  is  carried  to  a cer- 
tain extent,  bodies  change  their  forms,  solids  becoming 
fluids,  and  fluids  being  converted  into  vapours  or  airs. 

These  effects  being  thus  connected,  have  been  consider- 
ed as  originating  from  the  same  power  or  principle  ; — the 
existence  of  which  is  unquestionable,  though  its  nature  may 
be  unknown.  This  principle  has  been  distinguished  by 
various  appellations,  as  Fire,  Heat,  the  Matter  ot  Fleat,  or 
the  Igneous  Fluid ; terms  either  ambiguous,  or  involving 
some  hypothesis,  and  which  are  superseded  by  the  unex- 
ceptionable appellation  of  Caloric. 

By  Caloric,  then,  is  to  be  understood  a power  present 
in  bodies,  the  cause  of  their  expansion  and  of  their  exis- 
tence in  the  fluid  and  aeriform  states;  and  which,  when 
present  in  a certain  quantity,  excites  in  animals  the  sensa- 
tion of  heat,  the  sensation  of  cold  being  the  effect  of  its 
abstraction. 

Respecting  the  nature  of  this  power,  different  opinions 
have  been  entertained  : some  have  considered  it  as  a sub- 
tle fluid,  diffused  over  matter,  and  capable  of  entering  in 
greater  or  less  quantity  into  every  body  : others  have  sup- 
posed all  the  phenomena  exhibited  by  heated  bodies  to 
arise  from  a peculiar  state  of  these  bodies, — a vibratory 
motion,  more  or  less  violent,  ot  their  minute  particles.  It 
would  be  improper,  on  entering  on  the  consideration  ot 
Caloric,  to  engage  in  the  discussion  ot  this  question,  since 
it  can  only  be  determined  from  a full  knowledge  of  the  pro- 
perties of  this  power,  and  its  relations  to  other  matter. 
Nor  is  any  such  preliminary  discussion  necessary,  since 
whatever  may  be  the  nature  of  the  power  which  the  term 
Caloric  expresses,  its  existence  is  sufficiently  demonstrated, 
as  the  cause  of  certain  effects;  and  although  the  nature  of 
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that  cause  may  be  unknown,  the  effects  themselves,  their 
relations  to  each  other,  and  the  general  laws  according  to 
which  they  are  produced,  may  be  investigated  with  suffi- 
cient precision. 

I shall  deliver  the  history  of  Caloric  under  the  following 
sections.  In  the  first,  I may  facilitate  the  prosecution  of 
the  subject,  by  taking  a general  view  of  the  distribution  of 
this  power ; in  the  second,  I shall  consider  its  effects  on 
matter ; in  the  third,  the  laws  of  its  communication  and 
propagation ; in  the  fourth,  the  comparative  quantities  of 
it  which  bodies  contain  ; in  the  fifth,  the  comparative 
quantities  which  the  same  body,  in  different  forms,  con- 
tains ; under  the  sixth,  may  be  reviewed  the  opinions 
which  have  been  advanced  with  regard  to  its  nature ; and 
its  clieinical  history  may  be  concluded,  with  an  enumera- 
tion of  the  causes  by  which  its  equilibrium  is  subverted,  or 
heat  and  cold  produced,  and  the  applications  of  these  to 
practical  chemistry. 
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Sect.  I. — Of  the  Distribution  of  Caloric^  the  Production  of 
Temperature,  and  the  methods  of  measuring  it. 

The  state  of  a body  with  respect  to  its  power  of  produ- 
cing the  different  effects  arising  from  the  presence  of  calo- 
ric, is  termed  its  Temperature.  In  each  body  the  tem- 
perature depends  on  the  quantity  of  caloric  which  it  con- 
tains. If  at  any  temperature  it  contain  a certain  quantity, 
the  addition  of  caloric  to  it  raises  the  temperature ; in 
other  words,  the  body  now  possesses  the  power  of  exciting 
either  a weaker  sensation  of  cold,  or  a stronger  sensation 
of  heat,  and  of  producing  in  other  bodies  to  which  it  may 
be  applied,  a greater  degree  of  expansion. 

Of  those  effects,  by  which  temperature  is  estimated,  that 
of  exciting  the  sensation  is  so  limited,  and  so  much  in- 
fluenced by  the  state  of  the  sentient  organ,  as  well  as  by 
other  circumstances,  that  it  docs  not  afford  any  accurate 
indication. 

Expansion  is  an  effect  of  caloric  more  regular  and  ex- 
tensive, and  is  therefore  now  always  employed  to  measure 
temperature.  When  two  bodies  produce  the  same  increase 
or  diminution  of  volume  in  a third  body,  to  which  they 
are  equally  applied,  they  are  said  to  be  at  the  same  tem- 
perature ; and  any  body  is  said  to  be  at  a higher  or  lower 
temperature,  as  it  produces  a greater  or  less  expansion  in 
another  body  with  which  it  is  in  contact. 

'An  instrument  has  been  contrived,  by  which  the  de- 
grees of  expansion  can  be  accurately  measured,  and  which 
is  of  the  first  importance  in  all  our  experiments  on  the 
subject  of  caloric.  This  instrument,  named  the  Thermo- 
meter, is  of  modern  invention  : the  honour  of  it  is  due  to 
Sanctorius,  an  Italian  physician,  who  lived  in  the  17th 
century.  The  expansion  which  air  suffers  when  it  is  heat- 
ed, it  occurred  to  him  might  be  used  as  a measure  of  the 
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variations  of  heat.  He  employed  for  tliis  purpose  a hollow 
glass  ball,  with  a long  cylindrical  tube,  open  at  the  extre- 
mity, placed  vertically,  the  ball  being  uppermost.  A small 
quantity  of  the  air  being  expelled,  by  applying  heat  to  the 
ball,  the  open  end  of  the  inverted  tube  is  immersed  in  a 
coloured  liquor,  and  as  the  air  in  the  bail  cools,  the  fluid 
rises.  A scale  of  equal  parts  being  applied  to  the  tube, 
the  extent  of  the  expansion  of  the  included  air  by  heat  is 
accurately  discovered  by  the  descent  of  the  coloured  li- 
quor, its  condensation  by  cold  being  marked  by  its  ascent. 
Fig.  40.  Plate  IV.  represents  the  common  air  thermometer. 

An  important  improvement,  by  which  the  thermometer 
was  rendered  much  more  accurate  and  manageable,  w’as 
made  by  the  members  of  the  Academy  del  Cimento,  by 
substituting  a liquid  as  the  measure  of  expansion,  and  in- 
closing it  in  a tube  hermetically  sealed.  Spirit  of  wine 
coloured  was  the  liquid  that  was  first  employed.  Mercury 
was  afterwards  used  by  Flalley,  and  oil  by  Newton.  The 
two  former  are  in  use,  the  last  is  seldom  employed. 

The  thermometer  constructed  with  either  fluid,  is  mere- 
ly a glass  ball,  with  a long  tube  issuing  from  it,  of  a very 
small  bore,  and  perfectly  cylindrical,  the  ball  being  entire- 
ly, and  the  stem  partly  filled  with  mercury  or  with  coloured 
spirit.  This  is  done  by  heating  the  ball  so  as  to  expel 
the  greater  part  of  the  air  it  contains  *,  it  is  then  allowed 
to  cool,  the  end  of  the  tube  being  immersed  in  the  liquid 
with  which  the  thermometer  is  designed  to  be  constructed ; 
a portion  of  this  liquid  rises  into  the  ball ; it  is  then  boil- 
ed in  it,  the  air  is  expelled,  and  its  place  is  supplied  by 
the  vapour.  As  this  condenses  from  cooling,  a fresh  quan- 
tity of  the  liquid  in  which  the  tube  is  immersed  rises  in  it, 
and  the  operation  is  repeated,  until  the  whole  of  the  air  is 
expelled,  and  the  ball  and  part  of  the  tube  are  filled  with 
the  thermometric  liquid.  The  end  of  the  tube  is  then 
melted  and  closed. 

The  principle  on  which  the  thermometer  indicates  tern- 
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pcrature,  is,  that  caloric  has  a tendency  always  to  preserve 
an  equilibrium  j so  that  ii  two  bodies,  at  different  tem- 
peratures, be  brought  into  contact,  it  will  pass  from  the 
one  at  the  higher  into  that  at  the  lower  temperature,  un- 
til the  temperature  of  both  is  the  same.  When  the  ther-  » 
mometer,  therefore,  is  applied  to  a hot  body,  it  receives 
caloric ; when  to  a cold  one,  it  communicates  part  of  its 
own  caloric ; and  this  communication  of  caloric  from  the 
one  to  the  other  continues  until  both  the  instrument  and 
the  body  to  which  it  is  applied  arrive  at  an  equality  of 
temperature.  Now,  the  temperature  of  the  thei  mometer 
is  discovered  from  the  volume  the  thermometrical  fluid  oc- 
cupies in  the  instrument.  When  its  temperature  is  raised, 
the  fluid  is  expanded,  and  of  course  rises  in  the  tube:  when 
its  temperature  is  reduced,  it  is  contracted  and  descends ; 
the  changes  of  volume  being  accurately  measured  by  a gra- 
duated scale  attached  to  the  tube.  The  point  at  which 
the  fluid  becomes  stationary  indicates  its  temperature;  and, 
from  the  property  of  caloric,  just  stated,  this  indicates  the 
temperature  of  the  matter  with  which  the  thermometer  is 
in  contact.  The  instrument  is  made  with  a small  ball,  and 
with  a tube  of  a very  fine  bore,  that  it  may  indicate  changes 
of  temperature  more  speedily  and  with  more  accuracy. 

It  is  obvious,  that,  strictly  speaking,  the  observed  chan- 
ges of  volume  in  the  thermometrical  fluid  are  not  the  real 
changes  ; for  the  glass  ball  is  expanded  by  heat,  and  con- 
tracted by  cold,  and,  in  the  one  case,  must  render  the  ex- 
pansions apparently  less  than  they  really  are,  and  in  the 
other  must  diminish  the  contractions.  Hence  it  is  only 
the  excess  of  the  expansion  or  conti'action  of  the  fluid 
above  that  of  the  glass,  that  is  observed.  From  the  prin- 
ciple, however,  on  which  the  scale  is  constructed,  this  does 
not  introduce  any  material  error. 

The  fluid  in  thermometers  is  either  mercury  or  colour- 
ed spirit,  and  to  certain  purposes  one  is  better  adapted 
than  the  other.  The  mercurial  is  superior  in  accuracy  to 
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the  spirit  thermometer;  the  expansions  of  mercury,  from 
given  alterations  of  temperature,  being  more  uniform  tlian 
those  of  alkohol.  It  also  suffers  changes  of  temperature 
with  more  celerity,  and  is  therefore  more  sensible  ; and  to 
suffer  any  given  alteration  of  temperature,  it  requires  less 
caloric  than  the  other.  It  can  also  measure  higher  tem- 
peratures, pure  vinous  spirit  or  alkohol  being  converted  in- 
to vapour  at  182®  of  Fahrenheit;  while  mercury  is  not 
converted  into  vapour  under  d50°.  Alkohol,  however, 
has  the  advantage  of  being  capable  of  measuring  very 
low  tempferatures,  mercury  becoming  solid  at  39»  below  0 
of  Fahrenheit,  while  alkohol  not  freezing  can  be  employ- 
ed to  measure  the  most  intense  colds.  Its  changes  of  vo- 
lume are  also  more  regular  at  these  low  than  they  are  at 
high  temperatures.  At  all  temperatures  too,  at  which  it 
is  practicable  to  apply  it,  its  expansions  from  given  chan- 
ges of  temperature  are  greater  than  those  of  other  fluids  ; 
lienee  the  changes  in  the  thermometrical  scale  constructed 
with  it  are  more  conspicuous  ; but,  at  the  same  time,  as 
its  expansibility  very  sensibly  augments  with  its  tempera- 
ture, they  are  less  accurate,  and  the  ratio  of  expansibility 
varying,  too,  with  its  concentration,  another  source  of 
error  is  introduced.  The  degree  of  expansion  can  be  ren- 
dered as  apparent  with  quicksilver,  by  using  a tube  of  a 
very  fine  bore,  while  in  alkohol  this  cannot  be  done  to  the 
same  extent,  from  the  difficulty  occasioned  by  its  adhesion  to 
the  tube.  On  the  whole,  therefore,  for  every  purpose  ex- 
cept that  of  measuring  very  low  temperatures,  the  mercu- 
rial should  be  preferred  to  the  spirit  thcrniometer.  Oil  has 
scarcely  any  advantage  as  a thermometrical  fluid,  and  its 
viscidity  causes  it  to  adhere  more  or  less  to  the  tube. 

The  air  thermometer  has  the  advantage  of  indicating 
very  minute  changes  of  temperature,  air  being  so  greatly 
altered  in  its  volume  by  alterations  of  temperature,  and  on 
this  account  it  is  occasionalfy  used  with  advantage  for  some  . 
purposes.  In  other  respects  it  is  very  imperfect,  incon- 
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Veiiient  from  its  form,  liable  to  variations  from  changes 
in  the  pressure  of  the  atmosphere,  and  inapplicable  to  the 
measurement  of  any  extensive  range  of  temperature.  The 
form  is  improved,  by  using  a ball  with  an  upright  stem 
curved,  so  that  the  liquid  in  the  stem  confines  the  air  in 
the  ball,  as  is  represented  fig.  41,  And  a more  important 
modification  of  it  is  the  Differential  Thermometer  of  Mr 
Leslie,  which  consists  of  two  air  thermometers,  their  stems 
being  joined  by  a common  tube,  as  represented  fig.  42. 
A portion  of  coloured  liquid,  (sulphuric  acid  tinged  with 
carmine,)  is  introduced  befnre  the  tube  is  hermetically  seal- 
ed, so  as  to  fill  the  curvature  and  a certain  portion  of  each 
stem.  This  liquid  is  equally  acted  on  by  the  elasticity  of 
the  air  in  each  ball;  and  as  this  is  equally  affected  by  any 
variation  of  the  temperature  of  the  surrounding  medium, 
the  liquor  remains  stationary.  But  if  one  of  the  balls  be 
exposed  to  any  heating  or  cooling  cause,  the  increased  or 
diminished  elasticity  of  the  air  in  this  ball  causes  the  li- 
quid in  its  stem  to  be  depressed  or  raised,  and  thus  indi- 
cates the  change.  A scale  is  attached,  which  Mr  Leslie 
has  formed  by  dividing  the  interval  between  freezing  and 
boiling  water  into  100  degrees,  and  subdividing  each  of 
these  decimally,  these  last  divisions  being  the  degrees.  The 
instrument  being  hermetically  sealed,  is  not  affected  by 
any  variations  of  atmospheric  pressure.  It  is  peculiarly 
applicable  to  some  subjects  of  investigation,  to  be  after- 
wards noticed.  A variation  rendering  it  more  conve- 
nient in  form,  by  Dr  De  Butts  of  Baltimore,  is  repre- 
sented fig.  43.  It  is  a straight  tube,  with  a ball  at  the 
top,  inserted  in  another  short  tube  with  a ball  at  the  bot- 
tom : the  under  ball  contains  a small  poi’tion  of  sulphuric 
acid  tinged,  in  which  the  extremity  of  the  upper  tube  is 
immersed ; the  joining  is  hermetically  sealed,  and  the  li- 
quor in  the  long  tube  is  adjusted  by  the  relative  quantities 
of  air  in  the  two  balls. 

It  is  of  importance,  more  particularly  in  meteorological 
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observations,  to  have  a Register  Thermometer,  which  shall 
mark  the  maximum  and  minimum  of  temperature  that  has 
occurred,  during  any  interval  between  the  times  of  obser- 
vation. Two  instruments  of  this  kind  are  in  use,  one  in- 
vented by  Six  *,  the  other  by  Rutherford  f.  The  former 
consists  of  a curved  tube  or  inverted  syphon  terminated  at 
one  extremity,  with  a long  cylindrical  bulb  filled  with  spirit 
of  wine,  and  usually  recurved,  for  convenience  of  construc- 
tion, so  as  to  be  parallel  with  the  other.  The  curved  tube 
contains  a column  of  mercury,  which  rises  to  about  one 
half  of  the  height,  in  each  leg,  and  alxive  this  is  spirit  of 
wine,  connected  of  course  in  the  one  leg  with  the  spirit  in 
the  bulb,  and  in  the  other  filling  the  tube,  which  at  this 
end  has  a small  bulb  containing  air,  to  admit  of  the  move- 
ment of  the  whole  column  from  the  variations  of  tempera- 
ture. On  the  surface  of  the  column  of  mercury,  in  each 
tube,  is  a small  float  of  glass,  including  a steel  wire  with  a 
weak  spring,  so  that  when  it  is  pushed  on  by  the  move- 
ment of  the  quicksilver,  it  does  not  return,  but  remains 
stationary  at  the  farthest  point  to  which  it  had  advanced ; 
it  thus  indicates  in  the  one  tube,  that  with  the  small  bulb 
partially  filled,  the  greatest  heat ; and  in  the  other,  the 
greatest  cold.  When  the  instrument  is  to  be  rectified  for 
a new  observation,  the  floats  are  brought  down  to  the 
mercury  by  applying  a magnet  to  the  outside.  In  Ruther- 
ford’s thermometer,  a small  cylinder  of  steel  is  included  in 
a common  mercurial  thermometer,  of  such  a size  that  it 
moves  in  the  tubej  it  rests  on  the  column  of  mercury,  and 
the  instrument  is  laid  horizontally  : when  the  mercury  ad- 
vances from  rise  of  temperature,  the  steel  index  is  pushed 
forward,  but  it  does  not  return  when  the  mercury  falls 
back  *,  hence  the  point  at  which  it  remains  indicates  the 
highest  temperature  that  has  taken  place:  it  is  rectified  by 
raising  the  thermometer  so  as  to  allow  it  to  fall  down^ 
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To  mark  the  greatest  cold  a spirit  thermometer  is  used, 
having  a small  conical  piece  of  coloured  glass  with  its  point 
towards  the  bulb,  of  such  a size  as  to  move  easily,  yet  near-* 
ly  fill  the  calibre.  When  in  the  horizontal  position,  with 
this  index  immersed  at  the  end  of  the  column  of  spirit,  on 
the  spirit  contracting  from  cold  and  receding  to  the  bulb, 
the  index  from  the  influence  of  adhesion  at  the  surface  is 
carried  with  it;  but  if  the  temperature  rise,  the  spirit  ad- 
vancing passes  it,  and  leaves  it  stationary  at  the  lowest  point 
to  which  it  had  descended.  It  is  rectified  by  raising  the 
thermometer  with  its  bulb  uppermost,  so  that  the  float  falls 
to  the  bottom  of  the  column.  And  if  the  two  thermome- 
ters be  placed  on  one  frame,  with  their  bulbs  at  the  opposite 
extremities  of  it,  they  are  both  rectified  by  the  same  move- 
ment. To  these  instruments  the  common  scale  is  attach- 
ed. That  of  Rutherford’s  is  preferable,  as  in  the  other  it  is 
often  difficult  to  bring  down  the  floats. 

To  render  the  thermometer  an  instrument  of  any  value, 
two  points  were  necessary  to  be  attained : ferst^  that  it  should 
be  so  constructed,  as  that  the  indications  by  different  in- 
struments should  correspond;  and,  secondly^  that  the  just 
relation  should  exist  in  the  indications  of  the  same  instru- 
ment at  different  temperatures.  Both  these  points  have  oc- 
cupied much  attention. 

For  some  time  after  the  invention  of  the  thermo- 
meter a great  difficulty  was  experienced  in  constructing 
the  scale,  so  that  the  observations  made  with  one  instru- 
ment might  correspond  with  those  from  another.  Differ- 
ent methods  were  employed.  The  first  attempt  seems  to 
have  been  to  construct  the  degrees  of  the  scale  on  the  stem 
according  to  proportional  parts,  by  which  the  fluid  in  the  , 
bulb  would  be  expanded  by  certain  increments  of  heat 
from  a fixed  temperature,  such  as  that  of  melting  ice.  On 
this  principle,  Newton  constructed  a scale,  supposing  the 
fluid  in  the  bulb  to  be  equal  to  10,000  equal  parts  at  the 
temperature  of  melting  ice,  and  the  rise  in  the  tube  to  be 
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cieiiotcd  by  a certain  number  of  parts,  from  an  airgmenta-’ 
tion  to  certain  fixed  temperatures.  The  scale  of  Reaumur 
appears  to  liave  been  founded  on  the  same  principle.  The 
method,  however,  is  not  susceptible  of  sufficient  precision. 
Another,  which  was  afterwards  introduced,  and  which  is 
the  one  now  in  use,  is  that  of  employing  two  fixed  points 
of  temperature,  and  dividing  the  interval  into  an  equal 
number  of  parts.  This  seems  to  have  been  suggested  by 
Newton.  It  had  been  known  that  water  freezes  or  ice 
melts  always  at  one  uniform  temperature.  If  we  immerse 
the  thermometer  in  melting  snow  or  ice,  the  fluid  within 
will  fall  to  a certain  part,  of  the  tube,  where  it  will  stop, 
and,  however  long  we  allow  it  to  remain,  it  w’ill  descend 
no  lower.  And  the  experiment,  if  repeated  at  any  time, 
will  afford  the  same  result,  the  fluid  always  standing  at  the 
same  part.  If,  therefore,  we  mark  this,  we  obtain  one  fixed 
point,  which  must  be  the  same  in  every  thermometer.  It 
had  been  observed  by  Hooke  and  by  Amontons,  that  under 
the  medium  pressure  of  the  atmosphere,  water  boils  at  one 
uniform  temperature.  If,  therefore,  under  such  a pressure, 
the  thermometer  be  immersed  in  boiling  water,  the  height 
to  which  the  mercury  rises  in  the  tube  will  be  uniform,  and 
this  being  marked,  will  afford  another  invariable  point. 
These  two,  then,  the  point  at  which  water  freezes,  and 
that  at  wdiich  it  boils,  may  be  connected  by  a scale  divided 
into  any  number  of  equal  degrees ; and  thus,  whatever 
may  be  the  length  of  the  tube,  or  its  diameter,  the  degrees 
marked  upon  it  will  correspond  with  those  marked  on  any 
other  accordingto  the  same  scale.  The  scale  has  been  differ- 
ent in  different  countries  ; but  when  two  points  are  thus  fix- 
ed, which  in  all  correspond  to  certain  numbers,  whatever 
names  may  be  given  to  these  numbers,  or  whatever  may 
be  the  number  of  parts  intermediate  between  these  points, 
it  is  easy,  by  calculation,  to  bring  them  to  correspond. 
The  scale  is  prolonged  by  similar  degrees,  descending  from 
the  freezing  point  of  water,  so  as  to  denote  lower  tempera- 
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tures,  and  ascending  from  that  of  boiling  water  to  express 
higher  temperatures 

The  thermometer  commonly  used  in  this  country  is  one 
first  made  by  Fahrenheit,  a German  artist,  and  thence 
known  under  his  name.  The  lowest  temperature  marked 
upon  its  scale  is  that  produced  by  a mixture  of  snow  and 
sea-salt,  this  being  the  lowest  temperature  known  in  Fah- 
renheit’s time  f.  The  range  of  temperature  between  it 
and  the  freezing  point  of  water,  he  divided  into  32  parts 
or  degrees,  and  commencing  the  numeration  at  the  lower 
temperature,  the  freezing  point  of  water  came  to  be  at  the 
32d  degree.  He  assumed  another  fixed  temperature,  that 
of  the  heat  of  the  human  body,  (found  by  placing  the  bulb 
of  the  thermometer  in  the  mouth,)  at  64-  above  the  freezinnr 
of  water,  or  96  from  the  commencement  of  the  scale.  The 
interval  between  the  freezing  and  boiling  points  of  water 
is  found  to  be  equal  to  180  parts  or  degrees.  The  boiling 
point  is  therefore  212^.  The  peculiar  construction  of 
Fahrenheit’s  scale  seems  to  have  «Ji  iginated  in  the  circum- 
stance, that  the  thermometer  was  at  first  valued  as  an  in- 
strument capable  of  giving  indications  of  natural  tempera- 


* In  the  principles  of  Chemistry,  by  Nicholson,  is  an  excel- 
lent account  of  the  details  with  regard  to  the  construction  and 
graduation  of  thermometers.  De  Luc  in  his  Researches  on  the 
Modifications  of  the  Atmosphere  has  entered  very  fully  into  the 
history  of  the  thermometer  ; and  some  just  observations  on  the 
graduation  of  the  instrument,  particularly  with  regard  to  the 
necessity  of  the  stem  as  well  as  the  bulb  being  heated,  are  made 
by  Mr  Cavendish,  (Philosophical  Transactions , vol.  lxvii.),and 
by  Dr  Crawford  in  his  Treatise  on  Heat. 

■f  Fahrenheit  does  not  seem  to  have  taken  his  lower  tem- 
perature with  much  precision,  as  he  speaks  of  a mixture  of 
snow  with  sea-salt,  or  sal  ammoniac  ; and  from  such  a mixture, 
the  temperature  is  4”,  or  6“  below  the  beginning  of  his  scale. 
Philosophical  Transactions,  vol.  Ixxviii,  p.  304. 
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tures ; and  more  particularly,  as  Fahrenheit  himself  re- 
marks, in  reference  to  meteorological  observations.  Com- 
mencing, therefore,  with  the  greatest  cold  known  at  that 
time,  he  raised  the  scale  to  what  was  supposed  to  be  the 
greatest  natural  heat,  that  of  blood  heat,  or  the  tempera- 
ture of  the  human  body.  This  he  fixed  at  96®,  as  a con- 
venient number,  capable  of  affording  intermediate  terms 
by  bisection.  T.  he  interval  between  the  commencement  of 
the  scale  and  the  freezing  point  of  water  included,  accord- 
ing to  this  numeration,  32  degrees;  and  afterwards,  in 
piolonging  the  scale,  the  temperature  of  boiling  water  was 
found  to  be  212°. 

In  France,  the  thermometer  named  Reaumur’s  was  for- 
merly employed.  In  it  the  scale  commences  at  the  freez- 
ing  point  of  water,  which  is  therefore  marked  0,  or  what 
IS  named  Zero.  The  space  between  it  and  the  boiling 
point  of  water  is  divided  into  80  degrees,  the  point  at 
which  water  boils  being  termed  the  80th  degree.  The 
peculiarity  of  Reaumur’s  scale  appears  to  have  arisen  from 
the  principle  on  which  it  was  constructed.  He  supposed 
the  liquid  in  the  bulb  (weak  spirit  of  wine)  equal  to  1000 
parts  at  the  temperature  of  freezing  water,  and  the  increase 
of  volume  to  be  equal  to  80  parts,  when  heated  to  the  point 
at  which  water  boils.  Hence  the  latter  temperature  was 
denoted  by  this  number. 

The  correspondence  between  these  two  thermometers  is 
easily  found,  by  the  following  general  formula  : Each  de- 
gree of  Fahrenheit’s  scale  is  equal  to  ^ths  of  a degree  of 
Reaumur’s.  If,  therefore,  the  number  of  degrees  of  Fah- 
renheit’s, either  above  or  below  the  freezing  point  of  wa- 
ter, be  multiplied  by  4,  and  divided  by  9,  the  quotient 
will  be  the  corresponding  number  on  Reaumur’s.  Or,  to 
reduce  tliosc  of  Reaumur’s  to  Fahrenheit’s,  they  must  be 
multiplied  by9  and  divided  by  4,  the  quotient  will  give 
the  number  of  degrees  of  Fahrenheit  above  or  below  the 
freezing  point  of  water ; and  as  that  point  is  marked  on 
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that  scale  32,  this  number,  if  the  degrees  are  above,  must 
be  added  to  the  quotient  to  give  the  corresponding  num- 
ber on  Fahrenheit’s;  it  they  are  below  it  the  quotient  is  to 
be  subtracted  from  32. 

Besides  these,  there  have  been  other  divisions  of  the 
thermometrical  scale  *.  That  ot  De  Lisle’s  was  founded 
on  the  contraction  of  mercury  in  cooling  from  the  boiling 
to  the  freezing  point  of  water.  Taking  the  original  volume 
at  10,000,  the  contractions  were  supposed  to  be  1 50.  The 
scale  commenced,  therefore,  at  the  boiling  point  of  water, 
and  proceeded  to  the  freezing  point  through  150  de- 
grees. The  division  of  Celsius,  which  was  used  in  Swe- 
den, has  been  revived  in  France,  as  being  conformable 
to  the  new  system  of  measures,  and  affording  in  itself 
the  most  simple  and  natural  division.  It  commences 
at  the  freezing  point  of  water,  and  between  that  and ' 
the  boiling  point  is  divided  into  100  parts  ; hence  it  has 
been  named  the  Centigrade  Thermometer.  Each  de- 
gree of  Fahrenheit’s  scale  is  equal  to  -^ths  of  a degree  of 
the  centigrade  scale.  To  reduce,  therefore,  the  degrees 
of  the  former  to  those  of  the  latter,  the  same  formula 
is  to  be  used  as  in  the  preceding  paragraph,  multiply- 
ing only  by  5,  and  dividing  by  9.  Or,  to  reduce  those  of 
the  centigrade  scale  to  Fahrenheit’s,  their  number  must  be 
multiplied  by  9,  and  divided  by  5.  Tables  of  correspon- 
dence exhibit  the  results  more  directly,  and  I therefore 
insert  them  at  the  end  of  the  chapter. 

Of  these  scales,  the  Centigrade  has  been  supposed  to  be 
the  preferable  division ; it  is  superior  in  every  respect  to 
that  of  Reaumur’s,  and  is  more  simple  than  Fahrenheit’s. 
Fahrenheit’s,  however,  has  two  important  advantages, 
which  give  it  a decided  preference ; — one  is,  that  its  di- 
visions are  smaller,  and  hence  observations  with  it  are 
more  minute,  without  the  necessity  of  using  fractional  parts. 


* See  Martine  on  Heat  and  Thermometers. 
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which,  in  observations,  are  liable  to  be  neglected,  and  m 
calculation  arc  inconvenient  ; the  other,  that  the  com- 
mencement of  the  scale  being  placed  at  a low  temperature, 
we  have  seldom  to  express  negative  degrees  ; while,  in  the 
centigrade,  and  in  Reaumur’s  scale,  it  is  always  necessary, 
cither  by  prefixing  the  signs  ofp/z/5  and  minus,  or  by  terms, 
to  denote  whether  the  number  stated  is  above  or  below'  the 
zero.  Yet  Fahrenheit’s  is  a very  arbitrary  and  inartificial 
division.  A scale  preferable  to  any  of  these  might  be  form- 
. ed,  by  taking,  'as  the  extreme  points,  the  temperatures  of 
freezing  and  boiling  quicksilver ; the  one  being  — 39».  pf 
Fahrenheit,  and  the  other  -f-655°  *,  and  dividing  the  in- 
termediate space  into  1000  parts.  The  degrees  w’ould  thus 
be  smaller  than  Fahrenheit’s,  without  being  too  much  so, 
to  be  inconvenient  either  in  the  construction  of  the  instru- 
ment, or  for  observation  ; and  the  commencement  of  the 
numeration  being  so  low,  we  should  scarcely  ever  have  to 
express  negative  degrees.  The  commencement  of  the  scale 
would  also  be  about  the  lowest  natural  temperature.  It 
seems  the  most  natural  method,  too,  to  assume  the  freez- 
ing and  boiling  points  of  the  fluid,  which  is  the  most  ac- 
curate thermometrical  one,  as  the  fixed  points  of  the  scale 
which  its  expansions  are  to  measure.  These  points,  by 
careful  experiment,  might  be  fixed  with  accuracy,  and 
the  degrees  which  correspond  with  the  freezing  and  boil- 
ing points  of  water  determined  by  actual  trial ; and  this 
being  done,  in  the  construction  of  the  instrument  the  com- 
mon method  might  still  be  followed,  though  the  scale  might 
be  divided  and  numbered  in  relation  to  the  freezing  and 
boiling  points  of  quicksilver.  Assuming  the  freezing  and 
boiling  points  of  quicksilver  to  be  according  to  Fahren- 
heit’s scale  — 40,  and  -f65.5,  the  freezingand  boiling  points 
of  water  are  99  and  34-7  on  this  new  scale. 


• This  is  tlie  number  stated  by  Crichton  ; by  Dalton  it  is  stat- 
ed at  660,  and  by  Irvine  at  672. 
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SeronJly,  Another  point  not  less  necessary  to  be  attain- 
ed in  the  construction  of  the  thermometer,  is,  that  the  real 
relations  shall  exist  between  the  indications  of  the  instru- 
ment and  the  respective  temperatures;  in  other  words, 
that  the  expansion  and  contraction  of  the  therrnometrical 
fluid  correspond  accurately  with  the  real  increments  and  de- 
crements of  temperature.  If  a thermometric  liquid  from  a 
given  augmentation  of  temperature,  suppose  10  degrees,  ex- 
pand more  at  one  part  of  the  scale  than  at  another,  then 
the  indications  from  its  changes  of  volume  cannot  be  ac- 
curate; because  its  scale  being  of  equal  parts,  a given  num- 
ber of  these  parts,  where  the  expansion  is  greater,  will  indi- 
cate a greater  rise  of  tempf'vntnre  than  has  been  produced. 

The  general  form  of  experiment  to  determine  this,  exe- 
cuted at  different  times  by  Halley,  Brooke  Taylor,  and 
others,  consisted  in  selecting  a thermometer  having  a tube 
perfectly  cylindrical,  immersing  it  in  hot  water,  and  mark- 
ing the  point  at  which  the  therrnometrical  fluid  stands;  then 
immersing  it  in  an  equal  weight  of  cold  water,  and  again 
marking  the  part  of  the  scale  where  it  is  stationary  ; lastly, 
mixing  the  two  portions  of  water,  and  observing  at  what 
point  the  fluid  of  the  thermometer  immersed  in  the  mixture 
stands.  If  the  temperature  indicated  be  the  exact  mean  be- 
tween the  two  temperatures,  it  may  be  concluded,  that  the 
expansions  proceed  equally,  and,  of  course,  that  the  indica- 
tions will  be  correct ; while,  if  it  differ  from  the  mean,  it 
must  be  concluded  that  the  ratio  of  expansion  is  unequal. 
The  experiment  requires  much  care  in  the  execution  to 
guard  against  sources  of  error,  particularly  from  the  ef- 
fect of  the  vessel  on  the  temperature  of  the  mixed  fluid, 
and  the  abstraction  of  heat  by  the  air,  or  by  the  escape 
of  vapour.  It  was  executed  with  much  attention  by  De 
Luc,  at  an  early  period;  and  the  result  was,  that  the  dif- 
ferent therrnometrical  fluids  do  not  expand  in  an  uniform 
proportion  to  the  quantities  of  caloric  they  receive,  but  pro- 
ceed in  an  increasing  ratio  as  the  temperature  is  raised. 
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Quicksilver  was  the  most  regular ; yet  even  in  it  the 
tieviation  was  apparent.  When  a quantity  of  water  at  45° 
was  mixed  with  an  equal  weight  at  200.7®,  the  mercurial 
thermometer  in  the  mixed  fluid  indicated  the  tempera- 
ture to  be  2.5  degrees  less  than  the  arithmetical  mean ; 
and  when  the  experiment  was  made  at  other  temperatures, 
corresponding  results  were  obtained  *.  With  other  fluids 
the  deviations  were  greater.  While  the  mercurial  ther- 
mometer, placed  in  water  of  the  precise  mean  temperature 
between  S2®  and  212°,  instead  of  indicating  that  mean  122® 
stood  at  1 19°  ; a thermometer  with  olive  or  linseed  oil  in- 
dicated only  117°,  one  with  alkohol  108®  j and  so  great 
was  the  irregularity  in  water,  that  its  indication  w^as  only 
75°.  Hence  the  superiority,  in  accuracy,  of  the  mercurial 
thermometer. 

It  follows,  however,  from  the  deviation  from  equality  in 
the  expansions  even  of  quicksilver,  that  the  thermometer 
constructed  with  it  cannot,  according  to  the  common  di- 
vision of  the  scale,  be  considered  as  an  exact  measure  of 
temperature.  The  error  indeed  is  less  than  it  otherwise 
would  be,  owing  to  the  mode  in  which  the  scale  is  form- 
ed ; for  the  two  fixed  points,  the  freezing  and  boiling  points 
of  water,  being  found  by  actual  experiment,  the  amount  of 
the  error,  from  the  progressive  expansion  between  these,  is 
divided  among  the  intermediate  degrees.  It  is  of  course 
greatest  at  the  mean  degree  ; here,  according  to  De  Luc’s 
estimate,  it  is  equal  to  3 degrees ; so  that  when  a common 
thermometer  indicates  a temperature,  as  119'^,  the  real 
temperature  is  122°.  This  might  be  obviated,  .by  accom- 
modating the  degrees  to  the  real  ex}')ansions;  and  in  delicate 
investigations  on  temperature,  if  the  fact  were  absolutely 
certain,  a thermometer  on  this  construction  ought  to  be 
employed.  In  the  common  construction  of  the  instrument 


* Rccherches  sur  les  Modifications  de  1’ Atmosphere,  tom,  i, 
p.  298.  302. 
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it  is  not  attended  to ; and  hence  has  been  proposed  a 
table  which  shall  point  out  the  correspondence  between 
the  apparent  and  the  real  indications.  De  Luc  has  given 
one  from  the  above  experiments,  adapted  to  Reaumur’s 
scale,  to  which  I have  added  the  corresponding  numbers 
on  the  scale  of  Fahrenheit.  The  first  column,  according 
to  each  scale,  expresses  the  temperatures  on  the  mercurial 
thermometer,  graduated  in  the  common  manner,  and  the 
second  the  corresponding  real  temperatures. 


Reaum. 

Reaum. 

Fahr. 

Fahr. 

80 

80. 

212. 

212. 

75 

75.28 

200.75' 

201.38 

70 

70.56 

189.5 

190.76 

65 

66.77 

178.25 

179.98 

60 

60,96 

167. 

169.16 

55 

56.15 

155.75 

150,34. 

50 

51.26 

144.5 

147.33 

1-5 

4-6.37  ' 

133.25 

136.33 

40 

41.40 

122. 

125.15 

35 

36.40 

1 10.75 

113.90 

30 

31.32 

99.5 

102.47 

25 

26.22 

88.25 

90.99 

20 

21.12 

77. 

79.52 

15 

15.94 

65.75 

67.86 

10 

10.74 

54.5 

56.16 

5 

5.43 

43.25 

44.22 

0 

0 

32. 

32.  « 

Dr  Crawford,  to  whom,  in  his  researches  on  heat,  the 
determination  of  this  point  was  of  primary  importance,  re- 
peated these  experiments,  with  much  attention  to  accu- 
racy. He  found,  that  the  mercurial  thermometer  indi- 
cated less  than  the  mean  temperature,  but  the  deviation 
was  not  so  great  as  in  the  experiments  of  De  Luc,  being, 
on  an  average,  little  more  than  0.5  of  a degree,  when  the 
difference  of  temperature  between  the  two  portions  of  wa- 
ter amounted  to  100  degrees  f •,  and  according  to  a cor- 


* Recherches,  t.  i,  p.  309. 
f Experiments  on  Animal  Pleat,  p.  22,  &c. 
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rcction  he  afterwards  made  of  an  error  in  the  calcuiatioii 
not  more  than  0.25°  *. 

This  result  was  confirmed  by  an  experiment  made  in  a 
different  manner.  A mercurial  thermometer  was  susppid- 
ed  in  an  apparatus,  in  which  it  was  equally  exposed  to  the 
influence  ol  air,  cooled  by  snow  to  32°,  and  of  air  heated 
by  watery  vajwur  to  212°.  It  rose  to  121%  and  remain- 
ed stationary  at  that  for  fifteen  minutes,  the  time  during 
which  the  experiment  was  continued.  It  indicated,  there- 
fore, a temperature  one  degree  inferior  to  the  arithmeti- 
cal mean,  when  the  difference  of  temperature  amounted  to 
180  degrees  f,  which  agrees  nearly  with  the  result  of  the 
preceding  experiment.  Even  this  deviation  from  the  pre- 
cise mean  he  supposed  to  be  diminished,  by  admitting  a 
correction  for  the  effect  of  the  temperature  on  the  fluid  in 
the  stem  of  the  thermometer  J. 


* Experiments,  &p.  p.  488.  f Ibid.  p.  40.  f Ibid.  p.  48. 

De  Luc  had  observed,  that  the  experiment  of  determining 
the  accuracy  of  the  thermometer,  by  mixing  equal  portions  of 
hot  and  cold  water,  and  observing  the  temperature  indicated, 
is  conclusive  only  on  the  assumption,  that  the  capacity  of  water 
for  caloric  is  permanent  within  the  range  of  temperature  opera- 
ted on,  while  there  is  every  probability  that  it  is  increased, 
llie  capacity  for  caloric  is  connected  to  a certain  extent  with 
the  volume  a body  occupies.  Now,  the  expansion  of  water 
proceeding  in  an  increasing  ratio,  the  volume,  when  two  equal 
portions  at  different  temperatures  are  mixed  together,  must  be 
below  the  mean ; there  is  accordingly,  in  mixing  equal  por- 
tions of  water  at  32°  and  212°,  a condensation  of  volume  equal 
to  about  1.90th  of  its  bulk.  This  is  probably  accompanied  with 
a diminution  of  capacity,  and  from  this  cause  a quantity  of  heat 
must  be  given  out,  which  must  raise  the  temperature  above  the 
true  mean.  The  extent  of  this,  however,  cannot  be  consider- 
able. It  waste  obviate  this  objection  that  Dr  Crawford  made 
the  experiment,  stated  in  the  text,  of  exposing  the  thermome-. 
ter  equally  to  the  influence  of  air  cooled  by  snow  to  32®,  and 
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The  deviation  therefore  of  the  rfievcurial  thermometer 
irom  perfect  accuracy  appears  in  these  experiments  to  be 
less  than  that  stated  by  De  Luc ; and  the  latter  philoso- 
pher admitted  even,  from  some  considerations,  that  it 
might  be  less  than  appeared  in  his  experiments.  It  is 
perhaps  underrated  however  by  Crawford.  Above  212, 
the  irregularities  in  the  expansions  of  mercury  become 
greater^  and,  in  other  liquids  are  so  considerable,  as  to 
render  them  unfit  to  measure  temperature  with  accuracy. 
The  inaccuracy,  in  all  these  cases,  arises  from  the  expan- 
sibility of  fluids,  augmenting  as  their  temperature  is  rai- 
sed ; and  to  render  the  thermometer  a correct  measure 
of  temperature,  its  degrees  ought  to  be  adjusted  to  this. 
Hence  the  desideratum  that  this  should  be  ascertained  *. 

Another  method  of  determination  has  been  lately  employ- 
ed by  Petit  and  Dulong,— that  of  comparing  the  expan- 


of  air  heated  by  steam  to  212°  ; and  from  this  principally  he 
inferred,  that  this  instrument  is  an  accurate  measure  of  heat; 
and  also  inferred,  combined  with  the  other  mode  of  experiment, 
that  the  capacity  of  water  for  caloric  scarcely  varies  from  32°  to 
212°. — (Treatise  on  Animal  Heat,  p.  39.  61.) 

* Mr  Dalton  has  inferred,  that  the  deviation  from  accuracy 
in  the  common  mercurial  thermometer  is  much  greater  than  is 
believed.  The  apparently  equal  expansion  of  mercury,  he  sup- 
poses to  arise  from  our  taking  a small  portion  of  the  scale  of 
expansion,  and  this  at  some  distance  from  the  freezing  point 
of  the  liquid;  but  its  real  expansion,  as  well  as  that  of  all  pure 
homogeneous  liquids,  is,  he  infers,  as  the  square  of  the  tem- 
perature from  their  respective  freezing  points,  or  points  of 
greatest  density ; and  according  to  this,  the  deviations  are 
very  considerable.  He  has  given  a table  representing  this. 
This  law  of  expansion  seems,  however,  to  rest  rather  on  analo- 
gy than  on  experimental  evidence,  and  cannot  be  regarded 
as  established.  Dr  Young  has  remarked,  that  it  does  not  ap- 
pear to  hold  true  either  with  mercury  or  with  alkohol,  and 
not  even  exactly  with  water. 
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sions  of  the  mercurial  thermometer  with  the  expansion 
of  a homogeneous  body  of  such  a nature  that  the  circum- 
stances which  influence  expansion  shall  have  no  influence 
on  it.  Such  a body,  they  remark,  must  evidently  be  ta- 
ken either  from  among  the  gases,  or  from  among  solids 
which  are  of  great  infusibility.  Experiments  prove  that 
all  the  gases  expand  the  same  from  the  same  increase  of 
tempeiature;  it  is  natural  therefore  to  conclude,  that  the 
expansion  in  each  is  uniform,  and  that  of  course  equal 
enlargements  of  volume  correspond  with  equal  increments 
of  temperature.  On  this  principle  Gay-Lussac  inferred 
that  the  mercurial  thermometer  is  regular  between  the 
tempeiatuies  of  freezing  and  boiling  w’ator.  The  expan- 
sions of  solids,  which  are  of  very  difficult  fusibility,  have 
been  inferred  to  be  uniform  j and,  in  particular,  those  of 
the  metals  appear,  from  the  experiments  of  Lavoisier  and 
Laplace,  to  be  so  between  these  temperatures.  But  if 
bodies  so  different  as  the  metals  and  the  gases  observe 
the  same  law  in  their  expansions,  it  becomes  extremely 
probable  that  these  expansions  indicate  the  real  tempera- 
tures. On  this  principle  Petit  and  Oulong  instituted  a 
comparison  between  the  expansions  of  gases  and  of  solids 
with  the  mercurial  thermometer  in  elevated  temperatures. 
With  regard  to  the  correspondence  in  the  dilatations  of 
air  with  the  indications  of  the  mercurial  thermometerj 
they  obtained  the  following  results 


Temperatures  in- 
dicated by  the 
Centigrade  Scale. 

Temperatures  in- 
dicated by  the 
dilatation  of  air. 

Differences. 

100° 

100 

0 

150 

14-S.70 

1.30 

200 

197.05 

2.95 

250 

244.17 

5.83 

300 

291.77 

8.23 

• Ann.  de  Cliim.  ct  Phys.  t.  ii.  p.  210,  Ph.  Mag.  vol  xlviii. 
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Other  results,  obtained  by  a variation  in  the  mode  of 
conducting  the  experiment,  were  nearly  the  same.  It  fol- 
lows, that  the  expansion  of  mercury  in  the  thermometer 
increases  progressively  above  that  of  air ; so  that  if  the  > 
latter  be  resarded  as  uniform,  and  of  course  as  an  exact 
measure  of  temperature,  it  must  be  concluded  that  the  in- 
dications of  the  mercurial  thermometer  are  too  high  com- 
pared with  the  real  temperatures,  and  this  more  especially 
from  the  mode  of  construction  of  its  scale  above  the  heat 
of  boiling  water.  They  next  submitted  to  comparison 
the  expansions  of  the  mercurial  thermometer  and  the  ex- 
pansions of  the  metals  at  elevated  temperatures,  employ- 
ing for  this  purpose  an  instrument  constructed  of  a com- 
pound bar  of  platina  and  copper,  capable  of  shewing  with 
much  precision  the  difference  of  expansion  in  the  two 
metals  in  a given  elevation  of  temperature.  The  results 
in  this  method  were  altogether  the  reverse  of  those  in  the 
former.  The  expansion  of  the  metals  exceeded  progres- 
sively that  of  the  mercurial  thermometer,  so  that  the  tempe- 
rature of  300,  as  indicated  by  the  latter,  corresponded  with 
that  of  310  as  indicated  by  the  former.  Hence,  taking  an 
air  thermometer,  a mercurial  thermometer,  and  a solid 
metallic  thermometer,  the  temperature  indicated  by  the 
hrst,  as  300°,  would  by  the  second  be  310°,  and  by  the 
third  320°.  The  progressive  expansion  of  glass  they 
found  to  exceed  even  that  of  metals.  The  whole  investi- 
. gation,  it  is  obvious,  remains  in  some  measure  indecisive; 
for  there  is  no  absolute  proof  which  of  the  propositions 
involved  in  it  is  true.  Petit  and  Dulong  consider  it  as 
most  probable  that  the  expansion  of  gases  is  uniform, 
proportional  to  the  temperature ; hence  the  indications 
of  the  mercurial  thermometer  must  exceed  those  of  the 
real  temperature,”  and  this  to  a greater  extent  as  the 
temperature  is  higher  ; and  the  deviations  would  be 
greater  than  they  appear,  were  it  not  that  the  expansion 
of  glass  still  more  exceeds  the  regular  expansion,  and 
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hence  produces  in  tlie  thermometer,  by  the  eftect  of  the 
expansion  of  the  bulb  of  the  instrument  on  the  contained 
fluid,  a compensation  to  a certain  extent  for  the  increasing 
expansion  of  the  latter. 

The  increasing  expansion  of  the  glass,  however,  if  it 
exceed  a certain  amount,  may  itself  prove  a source  of  er- 
ror in  the  construction  of  the  thermometer,  and  must  do 
so  if  the  expansions  of  the  thermometrical  fluid  are  really, 
equable.  It  is  obvious  that  in  raising  the  temperature  of 
the  thermometer,  the  whole  expansion  of  the  contained 
fluid  is  not  shewn.  The  glass  ball  being  expanded  ad- 
mits so  far  of  the  expansion  of  the  fluid,  and  it  is  the  ex- 
cess only  of  the  expansion  of  the  latter  over  that  of  the 
former  that  appears  by  the  rise  in  the  stem.  If  the  ex- 
pansion of  the  glass  were  equable,  this  would  cause  no 
error,  but  if  otherwise  it  must  do  so  : if  decreasing,  it  must 
render  the  apparent  expansions  of  the  mercury  as  the 
temperature  rises  progressively  greater  than  they  actu- 
ally are ; if  increasing  the  reverse.  Now  the  fact  on  all 
those  points,  as  well  as  in  the  regularity  of  expansion  in 
quicksilver  itself,  is  still  somewhat  doubtful,  and  there  is 
not  much  probability,  even  on  the  assumption  of  their 
being  an  adjustment  such  as  has  been  supposed,  that  it 
will  be  such  as  to  obviate  all  error.  At  the  same  time, 
from  the  small  eflect  which  can  arise  from  any  increasing 
expansion  of  the  glass,  within  even  a considerable  range 
of  temperature,  the  error  it  w'ill  give  rise  to  cannot  be 
great ; and  if  it  exceed  that  of  the  mercury,  it  may  even 
render  the  indications  more  accurate. 

The  thermometer,  on  the  construction  hitherto  describ- 
ed, is  necessarily  limited  in  its  application.  When  made 
with  alkohol,  it  can  be  used,  indeed,  to  measure  the  most 
intense  colds.  , But  it  cannot,  even  with  mercury,  the 
least  volatile  liquid,  be  applied  to  indicate  very  high  tem-i 
peratures,  as  the  fluid  must  be  converted  into  vapom*| 
and  burst  the  tube. 
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To  supply  tills  deficiency,  various  methods  have  been 
proposed.  A very  ingenious  one  was  employed  by  New- 
ton. Assuming  that  the  quantities  of  heat  lost  by  a body, 
in  small  portidns  of  time,  are  proportional  to  the  excess 
of  its  temperature  above  that  of  the  surrounding  medium; 
or  that,  taking  the  times  of  cooling  in  arithmetical  pro- 
giession,  the  decrements  of  heat  will  be  in  a geometrical 
one;  he  concluded,  that  from  observing  the  time  of  cool- 
ing, until  the  temperature  is  sufficiently  reduced  to  admit 
of  being  accurately  measured  in  some  other  mode,  the 
original  temperature  may  be  discovered.  The  method  he 
followed  was  to  raise  a mass  of  iron  to  a red  heat,  remove 
it  from  the  fire,  and  suspend  it  in  the  air.  He  then  plac- 
ed on  its  surface  different  fusible  substances,  and  observ- 
ed the  times  at  which,  in  the  progress  of  the  cooling, 
they  became  solid.  And  as  he  had  previously  found,  by 
an  oil  thermometer,  the  temperature  at  which  tin  melts, 
this  enabled  him  to  calculate  all  the  other  temperatures, 
according  to  the  same  thermometer,  up  to  the  point  at 
which  the  observations  had  commenced.  By  this  method, 
he  determined  various  high  temperatures,  such  as  that  of 
ignition  visible  in  the  dark,  which  he  stated  at  635°  of  Fah- 
renheit, and  in  day- light  at  lOOOo.  It  was  afterwards  ap- 
plied by  Irvine,  as  well  as  by  Crawford,  in  their  delicate 
experiments  on  the  absolute  heats  of  bodies,  this  being 
the  onl^  mode  in  which  they  could  determine,  with  any 
accuracy,  the  quantities  of  heat  lost  by  bodies  mixed  to- 
gether at  different  temperatures,  during  the  short  time 
which  elapses  before  a common  temperature  is  formed  *. 
The  method  itself,  as  applied  to  measure  high  tempera- 
tures, appears  to  be  liable  to  some  errors,  as  its  results  do 
not  agree  precisely  with  those  determined  by  other  modes, 
the  accuracy  of  which  is  rendered  probable  by  their  co- 
incidence. The  errors  arise  probably  from  the  difficulty 


* Crawford  on  Animal  Heat,  p.  99, 
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of  noting,  will)  perfect  exactitude,  the  times  at  wliicli 
bodies  melt  or  congeal ; a little  deviation  from  the  real 
time  giving  rise  to  a considerable  error  in  the  estimate  ot 
the  temperature,  particularly  in  the  higher  parts  of  the 

scale.  ^ 

Biot  has  proposed  another  method  *,  founded  on  the 
rate  of  progression  of  temperature  through  a metallic  bar 
exposed  at  one  extremity  to  a constant  source  of  heat. 
This  being  found  by  means  of  thermometers,  the  bulbs  of 
which  are  placed  in  cavities  in  the  bar  at  certain  distan- 
ces, through  a certain  interval  distant  from  the  more  in- 
tense heat,  the  latter  may  be  inferred  from  it.  The  me- 
thod is  an  ingenious  one ; but  the  influence  of  the  air,  the 
difficulty  of  adjusting  the  distances  and  the  temperatures, 
and  that  of  rendering  uniform  the  extreme  heat,  must 
render  it  scarcely  susceptible  of  much  precision. 

Different  instruments  (named  Pyrometers,  as  being 
applied  to  measure  great  heats)  have  also  been  invented  ; 
of  the  greater  number  of  which,  it  is  scarcely  necessary  to 
give  a detailed  account.  The  difficulty  of  contriving  an 
unexceptionable  instrument  of  this  kind  has  arisen  partly 
from  the  difficulty  of  finding  a substance  not  liable  to  be 
altered  by  a high  temperature,  and  which  shall  suffer  a 
change  of  volume  sufficiently  perceptible  to  be  accurately 
measured  ; and  partly  from  that  of  finding  a measure, 
which  shall  not  be  affected  by  the  high  temperature,  and 
be  at  the  same  time  sufficiently  delicate. 

The  pyrometer  which  has  come  into  most  general  use 
is  that  invented  by  Mr  Wedgwood.  The  pure  earth 
named  Alumina,  and  the  earthy  mixtures  (the  clays)  in 
which  it  predominates,  have  the  property  of  contracting 
instead  of  expanding  by  heat.  This  contraction  becomes 
evident,  when  the  clay  is  raised  to  a red  heat ; it  continues 


* Journal  des  Mines,  t.  xvii.  203. 


TEMPERATURl!. 


227 


to  proceed  until  it  vitrifies,  and  the  total  contraction  in 
pure  clays  exceeds  considerably  one-fourth  of  the  volume. 
It  occurred  to  Wedgwood,  that  from  this  property  it 
might  be  employed  in  the  construction  of  a pyrometer. 
The  contraction  the  clay  suffers  is  permanent,  or  it  does 
not  return  to  its  former  dimensions  when  cold  : the  de- 
gree of  contraction,  therefore,  can  be  ascertained  without 
any  fallacy  from  the  existing  temperature,  and  will  indi- 
cate the  extreme  of  temperature  to  which  it  has  been  ex- 
posed. 

This  pyrometer  consists  of  a gage,  composed  of  two 
straight  pieces  of  brass,  twenty-four  inches  long,  divided 
into  inches  and  tenths,  and  fixed  on  a brass  plate,  so  as 
to  converge  ; the  space  between  them  at  the  one  extremity 
being  five-tenths  of  an  inch,  and  at  the  other  three-tenths. 
The  clay  well  washed  is  kneaded,  and  fashioned  into  small 
cylinders,  flattened  on  one  side,  made  in  a mould,  so  as 
to  be  adapted  exactly  to  the  wider  end,  after  having  been 
heated  to  redness.  It  is  evident,  that  in  exposing  one  of 
these  pieces  to  a high  temperature,  the  contraction  it  has 
suffered  may  be  measured,  by  the  length  to  which  it  can 
be  slid  into  the  converging  groove 

To  add  to  the  utility  of  this  instrument,  by  connecting  it 
with  the  mercurial  thermometer,  and  by  ascertaining  the 
proportion  between  the  degrees  of  each,  Mr  Wedgwood 
made  a series  of  experiments.  The  scale  of  his  pyi’ome- 
ter  commences  at  red-heat  visible  in  day-light.  The  mer- 
curial thermometer  cannot  easily  measure  any  temperature 
above  500°  or  550°.  To  measure  the  interval  between 
the  termination  of  the  scale  in  the  one  and  its  com- 
mencement in  the  other,  he  employed  the  expansions  of 
a square  piece  of  silver,  measured  in  a gage  of  earthen- 
ware, constructed  in  the  same  way  as  his  pyrometer  ; and 
by  the  same  method,  he  found  out  the  proportion  between 
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each  degree  of  his  scale,  and  the  usual  thermometrical 
scales.  Each  degree  of  ids  pyrometer  he  found  to  be 
equal  to  130“  of  Fahrenheit.  The  commencement  of  his 
scale,  or  the  point  marked  0,  corresponds  with  1077^°  of 
Fahrenheit’s  scale.  Hence  it  is  easy  to  reduce  either  to  the 
other,  through  their  whole  range.  The  scale  of  ^^^edg- 
wood  includes  an  extent  of  temperature  equal  to  about 
32,000°  of  Fahrenheit,  or  54  times  as  much  as  that  be- 
tw’een  the  freezing  and  boiling  points  of  mercury  Its 
commencement  is  at  1077^*^  ot  Fahrenheit,  or  red-heat 
visible  in  day-light ; its  extremity  is  240°;  but  the  highest 
heat  that  he  measured  with  it  is  160°,  or  21,877°  of  Fah- 
renheit ; this  being  the  temperature  of  a small  air  furnace, 
and  30°  of  the  scale  above  the  point  at  which  cast-iron 
melts.  Guyton  has  more  lately  affirmed,  that  the  relation 
which  Mr  Wedgwood  assigned  to  the  degrees  in  his  scale 
and  those  of  the  usual  thermometrical  scales  is  altogether 
incorrect.  Instead  of  each  degree  being  equal  to  1 30°  of 
Fahrenheit’s  scale,  it  is  equal  only  to  62.5  : instead  of  1077 
of  Fahrenheit,  corresjDonding  with  the  commencement  of 
Wedgwood’s,  517  is  the  corresponding  number  ; and  of 
course  all  the  higher  parts  of  the  pyrometrical  scale  indi- 
cate thermometrical  degrees  by  far  too  great ; the  heat  of  a 
forge,  for  example,  instead  of  being  equal,  as  Wedgwood 
estimates  it,  to  17327  of  Fahrenheit,  is  equal  only  to  8696. 
The  error  Guyton  supposes  to  have  arisen  from  Mr 
Wedgwood  having  stated  the  fusibility  of  silver  too  high  : 
instead  of  indicating  28°  on  his  scale  as  he  determines  it, 
it  appears  from  all  the  experiments  that  have  been  made  by 
others  to  be  only  22  °.  That  Wedgwood’s  degrees  are  actu- 
ally stated  too  high  in  relation  to  the  usual  thermometrical 
scale,  appears  from  some  farther  observations.  l)r  Irvine, 
for  example,  from  a number  of  trials,  found  reason  to  be- 
lieve that  the  heat  of  a common  fire  is  equal  to  about  790 
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of  Fahrenheit,  while  Wedgwood  states  red  heat  visible 
in  day-light,  which  must  be  rather  below  the  other,  at 
1077.  Guyton  however  reduces  them  too  low  : the  com- 
mencement of  Wedgwood’s  scale,  denoted  by  red  heat,  is 
certainly  higher  than  517°  of  Fahrenheit,  the  number 
which  Guyton  assigns  ; for  this  temperature  and  consider- 
ably beyond  it,  is  measurable  both  by  mercury  and  oil, 
neither  of  which  sustains  a red  heat. 

With  regard  to  the  accuracy  of  the  pyrometer,  inde- 
pendent of  this,  Mr  Wedgwood  found  from  experience, 
that  the  pyrometrical  pieces  were  liable  to  suffer  variable 
contractions  from  circumstances  in  their  preparation  ap- 
parently minute.  Natural  clays,  too,  taken  even  from  the 
same  stratum,  and  apparently  of  similar  qualities,  differ 
in  the  contractions  they  suffer  ; and  the  kind  of  clay 
which  he  first  employed  having  been  exhausted,  he  found 
it  difficult  to  substitute  any  other,  the  contractions  of 
which  corresponded  wdtli  the  scale  he  had  originally  con- 
structed. He  was  under  the  necessity,  at  length,  of  mak- 
ing an  artificial  compound  of  a clay  with  argillaceous 
earth  precipitated  from  alum*;  but  it  may  be  doubted, 
whether  such  a composition  can  always  be  obtained  uni- 
form ; and  there  is  some  reason  to  doubt,  if  the  pyrometri- 
cal pieces  furnished  at  different  periods  give  the  same  in- 
dications as  those  to  which  the  scale  was  first  adapted. 
The  accuracy  even  of  the  method  itself  is  doubtful ; for  it 
is  not  certain  if  the  contraction  of  the  clay  is  equable,  ac- 
cording to  the  temperature.  If  its  indications,  however, 
were  uniform,  it  would  be  useful,  by  denoting  certain 
points  at  which  particular  changes  in  bodies  are  produ- 
ced by  heat ; but  from  the  reports  given  on  different  au- 
thorities, even  this  seems  very  questionable. 

A pyrometer  has  been  more  lately  invented  by  Guyton, 
in  which  platina,  a metal  not  fusible  even  at  very  intense 
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heats,  is  employed  as  the  measure  of  expansion.  A rod 
or  plate  of  this  metal  is  placed  horizontally  in  a groove 
framed  in  a mass  of  hardened  white  clay  ; one  extremity 
of  the  rod  is  supported  on  the  mass  which  terminates  the 
groove ; the  other  presses  against  a bended  lever  of  plati- 
na,  the  longest  arm  of  which  forms  an  index  to  a gra- 
duated arc.  The  expansion  which  the  rod  of  metal  suf- 
fers from  exposure  to  heat  is  indicated  by  the  change  of 
position  in  this  index.  The  mass  of  clay  being  highly 
baked,  does  not  introduce  any  important  error  from  its 
contraction  ; and  the  alteration  which  it  may  suffer  du- 
ring the  exposure  to  heat  affects  only  the  small  distance 
between  the  axis  of  motion  of  the  index,  and  the  point  of 
contact  of  the  plate,  producing  scarcely  any  deviation. 
Platina  not  melting  by  any  heat  we  have  to  measure,  and 
not  suffering  any  chemical  change,  is  well  adapted  to  the 
construction  of  a pyrometer  With  this  instrument 
Guyton  has  given  results  which,  as  has  been  stated  above, 
are  very  different  from  those  of  Wedgwood,  and  they  are 
perhaps  more  accurate,  at  least  in  relation  to  the  common 
thermometrical  scales.  He  connected  the  whole,  without 
any  interval,  from  the  freezing  to  the  boiling  point  of 
w’ater ; — above  this,  by  the  medium  of  oil,  to  higher  tem- 
peratures indicated  by  the  mercurial  thermometer  j — and 
above  these,  to  the  point  at  which  Wedgwood’s  scale 
commences,  by  finding  the  temperatures  of  bodies  at  cer- 
tain stages,  from  the  quantities  of  heat  communicated  by 
them  to  ice,  in  the  instrument  named  the  Calorimeter, 
and  by  indications  from  the  expansion  of  air.  His  cor- 
rected results  will  be  found  in  the  Table  of  the  Scale  of 
Temperature,  at  the  end  of  the  chapter  f. 

Besides  these,  various  metallic  pyrometers  have  been 
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invented  capable  of  measuring  low  temperatures,  by  the 
expansion  being  multiplied  by  the  aid  of  wheels,  levers, 
or  other  mechanical  contrivances,  or  being  magnified  by 
microscopes.  Such  are  the  pyrometei’s  ot  Muschenbroeck, 
that  described  by  Ferguson;  one  invented  by  Ellicot,  with 
which  lie  measured  the  expansions  ot  various  metals  * * * § ; 
one  by  Smeaton,  applied  to  the  same  purpose  f;  Rams- 
den’s,  superior  to  the  preceding  ones  in  delicacy  and  ac- 
curacy X ; Crichton’s,  in  which  advantage  is  taken  of  the 
difference  of  expansion  between  a rod  of  zinc  and  a rod 
of  iron,  to  give  a curvature  to  a bar  composed  of  the  uni- 
ted rods,  proportioned  to  the  temperature  to  which  they 
are  raised  ; by  which  bending,  motion  is  given  to  an  in- 
dex that,  at  its  other  extremity,  where  the  scale  is  mark- 
ed, describes  a considerable  space  |1 ; and  one  by  Regnier, 
on  a principle  somewhat  similar  §.  The  accuracy  ot  these 
instruments  may,  from  the  nature  of  their  construction, 
be  regarded  as  doubtful. 

Since  the  employment  of  the  thermometer,  as  a mea- 
sure of  temperature,  more  just  and  enlarged  views  have 
been  acquired  of  the  distribution  of  caloric*  While  the 
property  of  exciting  the  sensation  of  heat  was  the  only  one 
by  which  that  power  was  characterised,  it  seemed  a just 
conclusion,  that  those  bodies  which  did  not  excite  that  sen- 
sation contained  none  ol  it.  It  was  then  the  philosophi- 
cal, as  it  is  still  perhaps  the  popular  opinion,  that  bodies 
exciting  the  sensation  of  heat  contain  the  power  termed 
Heat  or  Caloric,  while  those  which  do  not  excite  this  sen- 
sation, or  which  excite  the  sensation  of  cold,  do  not,  or 
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contain  even  a frigorific  power,  opposite  in  its  nature  to 
the  other.  Tliese  notions  are  now  justly  exploded.  At 
the  most  intense  colds,  all  bodies  contain  an  immense 
quantity  of  caloric,  and  we  are  altogether  unable  to  ab- 
stract it  entirely  from  them.  It  may  not  be  uninteresting 
to  state  the  facts  on  which  this  view  of  the  extent  of  the 
distribution  ol  caloric  is  established. 

'I  hat  the  sensations  of  Jieat  or  cold  afford  no  accurate 
test  of  the  caloric  a body  contains  will  be  apparent  from 
considering  the  manner  in  which  they  are  excited.  The 
temperature  of  the  human  body  is  about  96°  of  Fah- 
renheit. \Fhen  any  substance  at  a higher  temperature 
than  this  is  applied  to  our  organs,  it  communicates  ca- 
loric, and  this  excites  the  sensation  of  heat  j when  at  an 
inferior  temperature,  it  abstracts  caloric,  and  this  gives 
rise  to  the  sensation  of  cold.  Our  sensations,  however, 
are  influenced  by  preceding  impressions.  Our  body  is 
surrounded  with  air,  at  a temperature  inferior  usually  to 
the  animal  temperature;  it  is  therefore  always  abstract- 
ing caloric  from  us ; hence,  if  a body  is  applied  to  our 
organs,  inferior  to  their  temperature,  but  superior  to  the 
temperature  of  the  surrounding  atmosphere,  the  abstrac- 
tion of  caloric  which  it  makes  is  inconsiderable,  and,  com- 
pared with  the  impression  which  the  air  makes  upon  us. 

It  seems  even  positively  warm.  In  general,  then,  it  may 
be  affirmed,  that  whatever  communicates  caloric  to  our 
body,  produces  the  sensation  of  heat ; and  that  the  sensa- 
tion of  cold  is  excited  by  its  abstraction ; but  this  abstrac- 
tion requires  to  be  greater  than  that  made  by  the  sur- 
rounding atmosphere,  to  convey  the  sensation  of  jiositivc 
cold.  1 wo  bodies,  also,  at  the  same  temperature,  will  oc- 
casion different  sensations,  according  to  the  rapidity  with 
which  they  absorb  or  give  out  caloric.  A piece  of  iron  at 
32  will  feel  much  colder  than  a piece  of  wood  at  that  tem- 
peiature,  because  the  former  abstracts  caloric  more  rapid- 
ly than  the  other;  and  if  the  iron  be  at  a high  tempera- 
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tiire,  it  will  feel  hotter  than  the  wood  at  the  same  tempera- 
ture, as  it  will  communicate  caloric  more  quickly. 

From  these  circumstances,  it  is  evident,  that  the  sensa- 
tion excited  by  a body  is  no  accurate  measure  of  the  ca- 
loric it  contains;  and  that  the  sensation  of  cold  will  be  ex- 
cited by  a substance  whose  temperature  is  inferior  to  the 
temperature  of  the  animal  body,  though  it  may,  and  ac- 
tually does,  contain  a large  quantity  of  caloric. 

That  bodies  at  such  a temperature  contain  caloric,  is 
proved,  by  the  expansion  which  they  produce  in  the  ther- 
mometer, if  its  temperature  has  been  previously  reduc- 
ed ; an  expansion  which  can  arise  only  from  the  commu- 
nication of  caloric.  Or  the  contractions  of  the  thermo- 
metrical  fluid  itself  shew  this  in  a simple  manner.  If  the 
thermometer  is  applied  to  water  which  is  freezing,  the 
mercury  will  stand  at  32°  ; but  even  in  the  cold  of  this 
climate  it  falls  much  lower.  At  32°,  therefore,  the  mer- 
cury must  have  contained  caloric,  since  it  is  only  by  the 
abstraction  of  that  power  that  it  could  contract,  and  de- 
scend in  the  scale.  In  colder  climates  it  descends  to  40* 
or  50°  below  0 of  Fahrenheit,  or  82°  below  the  freezingr 
point  of  water.  At  all  degrees  above  this,  it  must  have 
contained  caloric  ; and  even  at  that  intense  cold,  it  must 
have  contained  much  caloric,  since  by  artificial  means  it 
might  be  sunk  lower  : And  if  the  mercury  in  the  thermo- 
meter contained  caloric  at  these  extreme  colds,  all  other 
bodies  must  have  contained  it,  since  it  is  the  property  of 
this  power  to  diffuse  itself  uniformly,  nor  can  it  be  accu- 
mulated in  one  body  without  being  present  in  the  conti- 
guous matter. 

Even  at  these  intense  colds,  there  is  no  reason  to  be- 
lieve that  bodies  were  near  to  being  deprived  of  their  ca- 
loric, since  their  particles  must  have  been  far  from  being 
in  actual  contact ; and  it  is  only  by  the  repulsive  power 
of  caloric  that  these  particles  are  kept  asunder.  This  af- 
fords a more  extensive  view  of  the  distribution  of  this 
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power.  A solid  body  is  to  be  conceived  of,  as  consisting 
of  particles,  kept  at  certain  distances,  by  the  agency  of 
caloric.  When  a portion  of  it  is  withdrawn,  these  ap- 
proach nearer  j and  hence  the  reduction  of  volume  that 
takes  place.  But  any  condensation  hitherto  effected  is 
very  far  from  that  in  which  they  would  be  in  contact,  nor 
perhaps  is  such  a condensation  possible.  The  liquid  and 
aeriform  states  of  bodies  are  owing  also  to  the  presence  of 
caloric,  a liquid  being  merely  a solid  reduced  to  this  form 
by  its  operation  ; an  air,  a liquid  brought  to  the  clastic 
state  by  the  same  cause.  And  as  there  are  many  liquids, 
which  require  to  be  exposed  to  the  most  intense  cold  to 
render  them  solid ; and  as  of  the  airs,  scarcely  one  has 
been  brought  to  the  fluid  state  by  the  most  extreme  ar- 
tificial cold,  the  conclusion  follows,  that  the  lowest  tem- 
perature yet  produced  is  far  from  that  point  at  which  ca- 
loric would  be  entirely  abstracted.  By  calculation,  from 
principles  to  be  afterwards  stated,  the  point  of  absolute 
privation  has  been  placed  at  at  least  900^  of  Fahrenheit’s 
scale  below  the  freezing  point  of  water. 
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Sect.  II. — Of  the  JRffeds  of  Caloric. 

The  effects  produced  by  tlie  operation  of  Caloric  on 
matter  are,  Expansion,  Fluidity,  Vaporisation,  and  Igni- 
tion. Of  these.  Expansion  is  the  most  general,  and  may 
first  be  considered. 


OF  EXPANSION. 

When  a body,  at  any  temperature,  is  brought  into  con- 
tact with  another  at  a higher  temperature,  a quantity  of 
caloric  passes  from  the  hotter  into  the  colder.  The  body 
which  receives  the  caloric  is  expanded,  or  has  its  volume 
enlarged  in  every  direction.  When  caloric  is  withdrawn, 
contraction,  or  diminution  of  volume  as  invariably  fol- 
lows. The  particles  approximate,  and  the  body  returns 
through  the  different  degrees  of  expansion  it  had  suffered 
when  caloric  had  been  communicated  to  it,  until  it  arrive 
at  its  original  volume.  These  changes  are  evident  in  the 
thermometer,  in  the  ascent  and  descent  of  the  fluid,  from 
the  operation  of  heat  and  cold ; and  take  place  nearly  in 
proportion  as  caloric  is  abstracted. 

The  first  important  fact  to  be  observed  with  regard  to 
expansion  is,  that  it  is  different,  in  different  bodies,  from 
the  same  change  of  temperature,  being  in  general  less  as 
the  density  of  the  body  is  greater.  In  solids,  it  is  so  in- 
considerable, as  not  to  be  perceived  without  accurate  mea- 
surement ; in  liquids,  it  is  more  evident  *,  and  in  airs  or 
vapours,  the  least  alteration  of  temperature  is  accompanied 
by  a perceptible  change  of  volume. 

If  we  descend  to  a more  minute  examination  of  the  de- 
grees of  expansion,  we  find,  that  in  solids  and  liquids,  it  is 
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extremely  various.  In  solids,  as  the  expansion,  from  a 
moderate  change  of  temperature,  is  inconsiderable,  the  dif- 
ference is  less  obvious  ; but  still,  in  those  which  have  been 
the  subject  of  experiment,  it  has  been  observed.  A know- 
ledge ol  the  expansibilities  of  the  different  metals  is  of  much 
importance  in  different  arts,  and  more  particularly  in  the 
construction  of  time-pieces ; and  on  these,  therefore,  ex- 
periments have  been  most  frequently  made.  The  follow- 
ing short  table,  exhibiting  the  first  accurate  results, — those 
made  by  Mr  Tllicot,  when  engaged  in  prosecuting  his  me- 
thod of  correcting  the  irregularities  in  the  motions  of  time- 
pieces, from  the  influence  of  heat  and  cold  on  the  length 
of  the  pendulum  *,  shews  the  proportions  of  expansion  pro- 
duced in  different  metals  by  the  same  degree  of  heat. 

Lead.  Silver.  Brass.  Copper.  Gold.  Iron.  Steel. 

149  103  95  89  73  60  56 

In  these  results,  which  in  a general  point  of  view  are 
confirmed  by  others,  we  perceive  very  little  connection  be- 
tween the  expansibility  of  solids  and  any  of  their  physical 
or  chemical  properties.  That  it  has  no  relation  to  their 
density,  either  directly  or  inversely,  is  apparent  from  gold 
being  nearly  at  one  extremity  and  lead  at  the  other,  though 
these  two  approach  nearest  in  density,  while  copper  and 
silver  are  placed  between  them.  There  is  some  relation 
between  the  expansion  and  the  fusibility,  those  which  arc 
most  fusible  expanding  most ; and  indeed,  in  the  entire 
table,  the  expansions  are  stated  almost  precisely  in  the  or- 
der of  the  fusibilities.  But  this  does  not  hold  invariably, 
as  will  be  found  from  other  examples,  as  antimonv,  which 
expands  less  than  iron,  and  bismuth  less  than  copper, 
though  such  deviations  may  in  part  arise  from  the  errors 
to  which  the  experiments  arc  liable.  The  degrees  of  ex- 
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pansion  in  a number  of  solids,  founded  on  the  authorities 
of  Smeaton,  Roy,  Troughton  and  others,  will  be  found 
in  a general  table  at  the  end  of  the  chapter. 

The  expansion  of  solids  from  heat  is  a source  of  error 
in  the  construction  of  time-pieces,  the  pendulum  being 
lengthened  or  shortened  according  to  the  temperature,  and 
of  course  its  motions  being  varied.  This  error  is  correct- 
ed by  opposing  the  expansion  of  one  metal  to  that  of  an- 
other ; so  that  in  a compound  pendulum,  composed  of  two 
metals,  properly  adjusted  according  to  their  expansibilities, 
the  expansion  of  the  one  is  counteracted  by  that  of  the 
other,  and  the  length  remains  unaltered,  or  the  centre  of 
oscillation  of  the  pendulum  remains  at  the  same  distance 
from  the  point  of  suspension.  This  ingenious  method  ap- 
pears to  have  occurred  to  the  artists  Graham  and  Harrison  ; 
the  application  of  it  was  executed  by  them  in  different 
forms*,  and  has  since  been  frequently  varied. 

In  fluids,  a similar  difference  of  expansion  from  heat  is 
observed  as  in  solids;  and  as  their  expansions  are  greater, 
these  differences  are  more  conspicuous.  The  expansion 
of  water  from  a given  change  of  temperature  is  greater 
than  that  of  quicksilver  from  the  same  change,  and  the  ex- 
pansion of  alkohol  is  greater  than  that  of  water.  Taking 
as  a standard  of  comparison  the  expansions  they  suffer  in 
the  rise  of  temperature  from  50°  to  100°  of  Fahrenheit ; 
that  of  quicksilver  is  not  more  than-rfo  volume  at  50°; 
that  of  water  about  H-r  of  its  volume  at  the  same  tempera- 
ture ; while  that  of  alkohol  is  not  less  than  y-j-.  The  dif- 
ference in  the  expansibilities  of  different  liquids  is  not  pre- 
cisely in  the  same  proportion  at  every  temperature ; but 
the  general  difference  remains,  or  in  these  examples  alko- 
hol is  at  all  temperatures  more  expanded  than  water,  and 
water  more  than  quicksilver.  The  expansions  of  the  more 
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common  liquids,  ascertained  by  Mr  Dalton,  will  be  found 
in  the  general  table  at  the  end  of  the  chapter. 

Since  the  expansions,  both  of  different  solids  and  of  dif- 
ferent liquids,  are  thus  unequal  from  equal  changes  of  tem- 
perature, it  might  be  expected  that  different  bodies  exist- 
ing in  the  aerial  state  would  likewise  expand  unequally  in 
suffering  the  same  change  of  temperature.  That  such  was 
the  law  was  at  one  time  admitted,  and  numerous  experi- 
ments were  made  to  determine  the  relative  expansions  of 
vapours  and  airs  by  Roy,  Saussure,  Priestley,  Monge, 
Guyton,  and  others.  The  results  of  their  labours  were 
extremely  discordant,  though  they  in  general  agreed  in 
finding  the  expansions  of  the  different  bodies  of  this  class 
very  different  from  the  same  augmentations  of  tempera- 
ture. 

This  subject  was  afterwards  investigated  by  Dalton  and 
by  Gay-Lussac,  and  their  experiments  agree  in  establish- 
ino-  the  result,  that  all  aeriform  fluids  suffer  the  same  ex- 
pansion  from  equal  augmentations  of  temperature. 

From  Gay-Lussac’s  experiments,  it  appears  that  100 
parts  of  atmospheric  air  are  expanded  by  an  elevation  of 
temperature  from  32°  to  212°  of  Fahrenheit,  to  137.5 
parts.  Hence,  if  the  total  augmentation  of  volume  be  di- 
vided by  the  number  of  degrees  which  produced  it,  or  by 
180°,  the  expansion  for  each  degree  of  Fahrenheit’s  scale 
is  of  the  original  volume.  The  mean  expansion  of 
hydrogen  gas  by  the  same  elevation  of  temperature  was 
1J57.52  ; of  oxygen  gas  137.4-S;  and  of  nitrogen  gas  137.49; 
differences  so  trifling,  that  they  may  be  ascribed  to  the  im- 
possibility of  rendering  the  circumstances  the  same  in  all 
the  experiments,  and  indeed  they  are  not  greater  than  what 
appeared  in  the  different  experiments  on  atmospheric  air. 
The  experiments  were  extended,  by  a variation  in  the  ap- 
paratus, to  gases  which  arc  soluble  in  water ; and  the  ex- 
pansions of  carbonic  acid,  muriatic  acid,  sulphurous  acid, 
nitric  oxide,  and  ammoniacal  gases,  were  found  the  same. 
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The  conclusion  follows,  therefore,  that  all  the  gases  undergo 
the  same  dilatation  from  the  same  elevation  ot  temperature. 
Of  the  vapours,  that  of  sulphuric  ether  being  the  most 
easily  managed,  was  submitted  to  experiment  by  Oay- 
Lussac ; and  by  comparing  its  expansions  above  the  tem- 
perature of  167°  with  those  of  atmospheric  air,  he  found 
them  to  be  alike  *, 

Mr  Dalton’s  experiments  established  the  same  conclu- 
sion, that  aeriform  bodies  undergo  the  same  expansions 
from  the  same  augmentations  of  temperature,  100  parts 
expanding  in  the  rise  of  temperature  from  55°  to  212°  to 
132.1,  to  which,  adding  0.4  for  the  expansion  of  the  glass 
tube,  we  have  for  the  expansion  of  the  air  132.5  f.  T.his 
gives  as  the  expansion  from  32°  to  212°  137.3.  The  re- 
sult of  Gay-Lussac’s  experiments  is  137.5.  The  expan- 
sion, therefore,  for  each  degree,  according  to  the  former, 
is  according  to  the  latter  ^4-o>  agreement  as  near 
as  can  be  expected  in  experiments  of  this  nature.  The 
errors  and  discordant  results  in  former  experiments  had 
arisen,  principally  from  small  but  variable  quantities  of  wa- 
ter having  been  admitted  into  the  apparatus,  which,  pass- 
ing into  vapour,  added  to  the  volume  of  the  aeriform  fluid. 

Bodies,  therefore,  existing  in  the  aeriform  state,  differ 
remarkably  from  liquids  and  solids,  in  their  expansions 
being  alike  from  given  changes  of  temperature. 

Another  important  fact  to  be  illustrated  relating  to  ex- 
pansion, is  its  progression  with  regard  to  temperature.  It 
is  obvious,  that  the  progression  may  be  regular,  the  ex- 
pansion increasing  precisely  as  the  temperature  rises,  so 
that  a double  elevation  of  temperature  shall  produce  a 
double  expansion  ; or  it  may  proceed  either  in  an  in- 
creasing or  decreasinor  ratio. 

O O 

With  regard  to  liquids  it  has  been  established,  that  the 

* Annalcs  de  Chimie,  t.  xliii.  p.  87.  Nicholson’s  Journal, 
8vo,  vol.  iii,  p.  207. 

f Manchester  Memoirs,  vol.  v.  p.  595. 
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expansion  does  not  proceed  in  an  equal  ratio,  but  is  dif- 
ferent at  different  parts  of  the  thermometrical  scale.  If  to 
water  at  50°,  a certain  quantity  of  caloric  be  added,  so  as 
to  produce  a certain  degree  of  expansion,  if  an  equal  quan- 
tity of  caloric  be  added  to  the  water  at  60®,  it  will  produce 
a different  degree  of  expansion,  and  the  same  difference 
will  be  observed  in  any  other  temperature,  and  with  every 
other  fluid,  though  in  different  degrees. 

The  expansion  in  liquids  is  in  an  increasing  ratio,  or  if 
a given  quantity  of  caloric  produce  a certain  decree  of  ex- 
pansion at  a low  temperature,  a similar  quantity  will  oc- 
casion a greater  expansion  at  a high  temperature.  Hence 
the  expansibility  of  a liquid  is  least  near  to  its  freezing, 
and  greatest  near  to  its  boiling  point,  and  the  differences 
between  these  extremes  is  in  some  of  them  considerable. 
This  is  very  evident  in  water,  in  which  the  difference  is 
more  conspicuous  than  in  any  other,  and  at  the  two  ex- 
tremes is  very  great,  owing  to  a singularity  afterwards  to 
be  pointed  out,  in  its  change  of  volume  from  40®  to  32°. 
In  cooling,  one-eighth  part  of  the  interval  between  the 
boiling  and  the  freezing  points,  or  224.  degrees  of  Fah- 
renheit’s scale,  the  condensation,  as  ascertained  by  Kum- 
ford,  is  as  follows : — 


212° 

or  to  1894- 

1 8 parts. 

1894- 

167 

16.2 

167 

144f 

13.8 

1444, 

122 

1 1.5 

122 

99-4 

9.3 

994. 

77 

7.1 

77 

544. 

3.9 

54-L 

32 

0.2  ^ 

From  this  it  appears,  excluding  the  irregularity  at  the 
bottom  of  the  table,  that  the  expansion  of  water  in  bein 


cr 

o 
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heated  224-  degrees  to  its  boiling  point,  is  nearly  five  times 
greater  than  its  expansion  in  being  heated  the  same  num- 
ber of  degrees  from  the  medium  natural  temperature. 

In  alkohol  there  is  a similar  progression  in  its  expansi- 
bility, as  the  temperature  rises.  The  following  table  by 
De  Luc  exhibits  this  by  a comparison  with  the  expan- 
sions of  mercury  in  the  mercurial  thermometer,  accord- 
ing to  Reaumur’s  scale,  assuming  these,  for  the  sake  of  a 
standard,  to  be  regular  * : — 


Mercurial  Therm. 

Alkohol  Tlierm. 

Augmenting  expansions 
of  Alkohol,  in  this  range 
of  temperature. 

80 

80.0 

6.2 

75 

73.8 

6.0 

70 

67.8 

5.9 

65 

61.9 

5.7 

60 

56.2 

5.5 

55 

50.7 

5.4 

50 

47.3 

5.1 

45 

40.2 

5.1 

40 

35.1 

4.8 

35 

30.3 

4.7 

30 

25.6 

4.6 

25 

21.0 

4.5 

20 

16.5 

4.3 

15 

12.2 

4.3 

10 

7.9 

4.0 

5 

3.9 

3.9 

The  deviations  from  regularity  in  the  expansions  of 
quicksilver  appear  less  than  in  any  other  liquid,  as  has 
already  been  observed  in  pointing  out  its  fitness  for  the 
construction  of  the  thermometer.  This,  however,  as  Mr 
Dalton  has  remarked,  may  in  part  be  owing  to  the  oreat- 
er  distance  between  its  freezing  and  boiling  points,  and  to 
a comparatively  small  part  of  this  interval  being  submitted 
to  experiment.  And,  even  in  this  part,  the  increasing  ex- 
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pansibility,  as  the  temperature  rises,  is  perceptible,- as  is 
evident  from  the  following  table,  given  by  De  Luc,  ac- 
cording to  Reaumur’s  scale  * : — 


Real  temperature. 

Corresponding  points  of 
the  Mercury  in  the 
Thermometer. 

Expansions  of  the  Merc, 
.at  die  respective  tempe- 
ratures. 

80 

80.8 

5.3 

75 

74.7 

5.3  • 

70 

69.4 

5.2 

65 

64.2 

5.2 

60 

59.0 

5.2 

55 

53.8 

5.1 

50 

48.7 

5.1 

,45 

43.6 

5.0 

40 

38.6 

5.0 

35 

33.6 

4.9 

30 

28.7 

4.9 

25 

23.8 

4.9 

20 

18.9 

4.8 

15 

14.1 

4.8 

10 

9.3 

4.7 

5 

4.6 

4.6 

Other  liquids  shew  the  same  progressive  expansibility 
as  their  temperature  rises.  Dividing  that  part  of  the  ther- 
inometrical  scale  between  the  freezing  and  boiling  of  wa- 
ter into  two  equal  parts,  De  Luc  ascertained,  that  the  ex- 
pansion of  the  following  substances  in  the  higher  division 
is  to  that  in  the  lower  in  these  proportions  j-. 


In  the  first  division,  or  from 
32^',  to  the  real  mean  between 


Ratios  of  the  expansions 
in  the  higher  division  to 


this,  and  212°, 

the  expansion  is 

tiiosc  in  the  lower. 

Quicksilver, 

38.6 

15  to 

14.0 

Olive  and  linseed  oil. 

37.8 

15 

13.4 

Chamomile  oil. 

37.8 

15 

13.0 

Water  saturated  with  salt, 

34.9 

15 

11.6 

Alkohol, 

33.7 

15 

10.9 

^Water, 

19.2 

15 

4.7 

* Recherches,  t.  i,  p,  301. 


t Ibid,  t.  i,  p.  311. 
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De  Luc  found,  that  near  to  the  boiling  point  of  fluids, 
their  expansibilities  increase  rapidly,  and  are  very  irregu- 
lar j there  are  also  considerable  irregularities  in  their 

O 

changes  of  volume  at  their  freezing  point.  Hence  hp  con- 
cluded, that  their  expansions  would  be  most  equable,  to- 
wards the  middle  of  the  range  of  temperature  between  their 
freezing  and  boiling  points;  and  he  justly  inferred  from 
this,  that  the  fluid  best  adapted,  in  point  of  accuracy,  to 
thermometrical  purposes,  is  that  which  has  the  greatest 
range  ot  temperature  between  its  freezing  and  boiling  tem- 
peratures, which  gives  the  preference  to  mercury.  The 
law  assumed  by  Mr  Dalton,  that  the  expansion  in  liquids 
is  in  each  as  the  square  of  the  temperature  from  the  point 
of  congelation,  or  of  greatest  density,  I have  already  re- 
marked is  far  from  being  established. 

Since  liquids  expand  in  an  increasing  ratio  as  their  tem- 
perature rises,  we  should  be  disposed  to  conclude,  that  a 
similar  law  is  observed  in  the  expansions  of  aeriform  fluids; 
and,  accordingly,  this  appeared  to  be  established  by  some 
experiments,  particularly  those  of  Guyton  and  Prieur 
While  atmospheric  air,  in  being  heated  from  32°  to  77°, 
expanded  ■tt.’Wj  expansion  from  receiving  another  equal 
increment  of  temperature,  or  in  being  raised  from  77°  to 
122°,  they  found  to  be  not  less  than  and  from  122® 
to  167°  In  the- other  airs  there  were  similar,  and  in 

several  of  them  greater  differences.  There  can  be  little 
doubt,  however,  but  that  these  results  are  erroneous,  and 
that  they  arose  principally  from  water  being  present  in  the 
apparatus,  which  passing  into  vapour,  would  give  rise  to 
the  apparent  greater  expansion.  General  Roy  found,  in 
his  experiments  on  the  expansions  of  aerial  fluids  f,  that 
the  expansion  is  the  reverse  of  that  of  liquids,  or  is  a slow- 
ly decreasing  one  above  the  temperature  of  57.  And  Mr 


* Journal  de  I’Ecole  Polytechnique,  Cahier  ii. 
f Philosophical  Transactions,  vol.  Ixvii. 
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Dalton  found  this  likewise  in  his  experiments  ; the  expan- 
sion for  774:  degrees  above  55°  being  167  parts,  while  for 
the  next  774-  it  was  only  158  parts:  and  the  expansion  in 
every,  part  of  the  scale  seemed  to  be  a gradually  diminish- 
ing one  in  ascending  *. 

This  apparent  diminution  of  expansion,  however,  as 
the  temperature  rises,  might  arise  from  the  inaccuracy 
of  the  mercurial  thermometer  ; the  expansions  of  the  mer- 
cury in  the  higher  interval  of  temperature  being  greater 
than  in  the  lower  interval ; and  the  expansion  in  the  for-  , 
mer  of  1 58,  being  therefore  the  result  of  a less  real  aug- 
mentation of  temperature  than  the  expansion  1 67  in  the 
latter.  So  that  making  allowance  for  this  source  of  error, 
the  expansions,  if  the  intervals  of  temperature  were  really 
equal,  might  be  equable.  They  are  truly  so  indeed,  if  we 
take  the  correction  of  De  Luc,  that  the  real  mean  tem- 
perature between  32°  and  212°  is  according  to  the  com- 
mon scale  119. 

Mr  Dalton,  in  consequence  of  the  hypothesis  he  adopt- 
ed, that  the  expansion  of  quicksilver,  in  common  with  that 
of  other  liquids,  is  as  the  square  of  the  temperature  from 
its  freezing  point,  and  that  therefore  the  mercurial  thermo- 
meter on  the  common  construction  deviates  much  more 
from  accuracy,  has  inferred  even,  not  only  that  the  expan- 
sion of  aerial  fluids  is  not  a decreasing  one,  as  appeared 
to  be  established  by  former  experiments,  but  that  it  is  pro- 
gressive ; the  expansion  being,  as  he  supposes,  in  geome- 
trical progression  to  equal  increments  ol  temperature  mea- 
sured by  the  new  thermometric  scale  f.  But  this  conclu- 
sion rests  on  the  assumption  ol  this  law  of  the  expansion 
of  quicksilver,  and  is  therefore  merely  hypothetical.  From 
more  recent  experiments  than  those  before  mentioned,  he 
is  convinced,  that  dry  air  of  32°  will  expand  the  same 


* Manchester  Memoirs,  vol.  v,  p.  599. 
t New  System  of  Chemical  Philosophy,  p.  11. 
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quantity  from  that  point  to  117°  or  118°  of  the  common 
scale  of  temperature,  as  from  the  last  term  to  212.  And 
admitting  a correction  for  the  deviation  of  the  mercurial 
thermometer  from  accuracy,  not  much  greater  than  that 
which  De  Luc  assigns,  the  expansion  will  be  equable  with 
regard  to  temperature. 

In  a series  of  experiments,  which  I read  before  the  Royal 
Society  of  Edinburgh  about  two  years  ago,  and  which  I 
have  not  yet  completed  in  the  whole  extent  I had  in  view, 
I found  that  the  contraction  of  a given  volume  of  air  in 
cooling  is  an  increasing  one  as  the  temperature  falls,  or 
the  expansion  decreasing  as  the  temperature  lises.  The 
experiment  was  performed  by  inclosing  dry  air  in  a glass 
ball  with  a long  cylindrical  stem  placed  vertical,  and  con- 
taining a very  short  column  of  quicksilver,  the  movement  of 
which  in  the  stem  indicated,  by  a scale  attached,  the  de- 
grees of  contraction  at  different  intervals.  The  ball  was 
surrounded  with  water,  the  decrements  of  temperature  in 
which  were  observed  by  thermometers  with  great  care. 
The  following  short  table  shews  the  results  at  intervals  of 
temperature  of  20°  of  Fahrenheit. 

Temperature  1 80  Quicksilver  at  54  on  the  scale  of the  tube 

I 160  139  contraction  in  this 

interval,  85 

140  231  92 

120  - 331  100 

100  - 439  ^ 108 

80  555  116 

60  679.5  124.5 

Here  the  contraction  as  the  temperature  falls  increases, 
and  this  by  a very  regular  progression,  the  series  being 
7,  8,  8,  8,  8.5.  Of  course  these  indicate  the  rate  of  decreas- 
ing expansion  from  these  equa  elevations  of  temperature. 

These  results  might  also  bf  supposed  to  be  accounted 
for  on  the  principle  of  the  thermometer  not  being  an  ac- 
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curate  measure  of  temperature.  But  it  is  doubtful  if  the 
error  from  this  is  so  great  as  has  been  supposed  j and  even 
if  it  did  operate,  it  must  be  greatest  at  or  near  the  mean 
temperature  between  212°  and  32°,  as  from  the  mode  of 
graduating  the  scale  from  these  two  fixed  points,  it  is  at 
that  part  that  any  deviation  from  accuracy  is  greatest. 
The  contraction,  however,  in  the  above  experiments,  in- 
creases through  the  whole  range  of  temperature  from  212° 
downwards,  and  is  greatest  even  at  temperatures  below  100, 
or  below  80,  a result  inconsistent  with  the  supposition  of 
its  arising  from  inaccuracy  in  the  thermometer. 

The  only  uncertainty  which  remains  is,  whether  the  ef- 
fect may  not  arise  from  increasing  expansion  in  the  glass 
ball  as  the  temperature  rises,  which  it  is  evident  would 
give  rise  to  apparent  decreasing  expansion  of  the  air,  as,  on 
the  contrary,  in  the  fall  of  temperature  it  would  give  the 
appearance  of  increasing  contraction.  Even  if  the  expan- 
sion of  solids,  however,  be  admitted  to  be  an  increasing  one 
with  regard  to  temperature,  it  is  not  probable  that  this 
should  be  so  great  as  to  account  for  these  results. 

The  more  recent  experiments  of  Petit  and  Dulong,  it 
has  already  been  remarked,  give  the  same  general  result 
with  regard  to  the  expansion  of  air  at  higher  temperatures, 
the  expansions  diminishing  progressively  as  the  tempera- 
ture rises  from  2 12°,  as  represented  in  the  table,  (page222,) 
assuming  that  the  thermometer  indicates  real  increments 
of  temperature. 

The  facts  which  have  now  been  stated  with  regard  to  ex- 
pansion may,  1 believe,  be  generalized,  or  the  principle 
which  connects  and  explains  them  may  be  pointed  out. 
This  principle  is,  that  expansion  is  not  simply  the  effect 
of  caloric,  but  of  caloric  counteracting,  by  its  repulsive 
energy,  the  attraction  of  cohesion;  and  from  considering  it 
under  this  point  of  view,  1 would  explain,  in  the  following 
manner,  the  apparently  anomalous  phenomena  connected 
with  expansion. 
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In  the  first  place,  it  has  appeared,  that  the  expansibility 
of  solids  is  less  than  that  of  liquids,  and  the  expansibility  ot 
liquids  is  less  than  that  of  airs.  Now,  in  solids,  the  power 
of  cohesion  is  greatest;  the  most  eflectual I’esistance,  there- 
fore, is  opposed  in  them  to  the  operation  of  caloric,  and 
hence  less  expansion  will  be  produced  by  its  introduction. 
In  liquids  the  cohesion  is  weaker,  the  expansion  therefore 
will  be  greater.  And  in  airs,  us  the  cohesion  is  overcome, 
no  resistance  is  opposed  to  the  expansive  force,  and  an  en- 
largement of  volume  limited  only  by  the  pressure  applied 
will  be  produced. 

In  different  solids,  the  expansibility  is  extremely  differ- 
ent ; and,  according  to  the  view  I have  stated,  this  may  be 
supposed  to  arise  from  the  different  degrees  of  force  with 
which  cohesion  is  exerted.  We  have  no  accurate  mea- 
sure of  this  force.  , But  if  we  regard  the  different  fusibili- 
ties of  bodies  as  affording  an  indication  of  it,  we  find,  as 
has  already  been  observed,  that  in  general  the  expansibi- 
lity is  directly  as  the  fusibilit}\  In  liquids  there  likewise 
exist  differences  in  the  expansions  they  suffer ; and  there 
can  be  no  doubt,  that  though  in  all  of  them  the  power  of 
cohesion  is  weak,  it  mav  be  of  different  degrees.  If  we 
judge  of  these  from  the  volatility  of  bodies  in  this  state,  the 
disposition  to  volatility  being  less  as  the  cohesion  is  stronger, 
we  find,  under  the  general  point  of  view  under  which  ex- 
periments influenced  by  various  circumstances  must  be 
taken,  that  the  expansibility  of  liquids  is  in  a great  mea- 
sure as  their  volatility.  But  in  substances  in  the  aeriform 
state,  there  is  no  difference  in  expansibility  as  among  so- 
lids and  liquids,  the  expansions  of  all  being  alike ; and  this 
is  precisely  what  the  theory  leads  us  to  expect.  Cohesion 
is  not  exerted  among  them  with  different  degrees  of  force; 
for  in  all  of  them  it  is  entirely  overcome.  No  various  de- 
grees of  resistance,  therefore,  are  opposed  to  the  operation 
of  caloric;  and  hence,  under  the  same  pressure,  the  same 
increase  of  temperature  is  followed  in  all  aerial  fluids  by 
the  same  degree  of  expansion. 
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Lastly,  expansion  in  bodies  in  one  state  proceeds  in  an 
increasing  ratio  with  regard  to  temperature,’  while  in  an- 
other it  proceeds  equably,  and  to  this  the  same  principle 
may  be  successfully  applied.  Thus,  in  liquids  the  expan- 
sibility increases  as  the  temperature  rises,  obviously  from 
this,  that  by  the  introduction  of  caloric  operating  as  an 
expansive  power,  the  force  of  coliesion  is  diminished  ; — in 
proportion  as  the  temperature  rises,  therefore,  it  becomes 
weaker,  and  opposes  less  resistance  to  the  expansive  energy 
of  caloric.  Hence  a greater  expansion  must  be  occasion- 
ed by  an  equal  quantity  of  caloric  at  a high  than  at  a low 
temperature,  because  the  force  which  opposes  it  is  by  the 
very  increase  of  temperature  diminished.  Even  to  the  rate 
at  which  this  expansibility  varies,  in  different  liquids,  the 
theory  applies ; for  in  examining  the  differences  with  re- 
gard to  this,  it  appears,*  that  the  more  expansible  a fluid  is, 
its  expansibility  by  increase  of  temperature  increases  at  a 
higher  ratio.  Thus  mercury,  which  suffers  the  least  change 
of  volume  from  any  given  increase  of  temperature,  is  that, 
the  expansibility  of  which  is  most  equable,  or  increases 
least  as  its  temperature  is  raised. 

In  aeriform  bodies,  on  the  contrary,  we  have  found  rea- 
son to  conclude,  that  the  expansion  is  not  greater  from  a 
given  elevation,  at  a high  than  at  a low  temperature,  but 
is  either  equable,  or  even  decreasing.  The  cause  is,  that  in 
aerial  fluids  no  cohesion  exists  to  be  weakened  by  aug- 
mentations of  temperature ; the  resistance  to  the  opera- 
tion of  caloric  is  the  same,  under  a given  pressure,  at  a 
low  as  at  a high  temperature,  or  at  both  is  nothing ; and 
the  repulsive  power  of  caloric  ought  therefore  to  act  equal- 
ly according  to  the  quantity  in  which  it  is  added,  or  the 
effect  will  be  diminished  only  in  conseqpence  of  the  dis- 
tance at  which  the  particles  are  placed. 

It  follows  as  a consequence  of  this  view,  that  in  solids 
the  expansibility  ought  to  increase  with  the  temperature. 
Iheir  cohesion  is  weakened  as  the  temperature  is  raised, 
and  therefore  an  equal  quantity  of  caloric  ought  to  produce 
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a greater  expansion  at  a high  than  at  a low  temperature. 
At  the  same  time,  the  cohesion  in  solids  compared  with 
liquids  is  so  great,  that  the  same  change  of  temperature 
cannot  be  supposed  to  produce  the  same  difference  in  ex- 
pansibility ; hence  the  ratio  of  increase  must  be  much  less. 
Solids,  too,  suffer  so  inconsiderable  an  expansion  from  even 
a considerable  rise  of  temperature,  that  it  is  not  easy  to  as- 
certain the  fact  with  accuracy.  Hoy,  in  his  experiments 
on  the  expansions  of  metals,  already  quoted  *,  observed, 
that  they  appeared  to  be  not  equable,  but  progressive  when 
tried  at  the  temperatures  of  60°,  120°  and  180°  : yet  he 
seemed  disposed  to  conclude,  that  when  the  instruments 
are  perfect,  and  due  allowance  is  made  for  the  difficulty  of 
keeping  water  (the  medium  by  which  the  heat  was  applied) 
at  a stationary  temperature,  the  expansions  were  equable. 
The  error,  however,  from  this  cause,  might  have  been  as 
well  on  the  one  side  as  on  the  other.  De  Luc,  too,  found 
the  expansions  of  glass  to  be  progressive,  the  expansion  of 
a glass  tube  from  32°  to  212°  being  .00083  in  length,  while 
from  32°  to  122°  it  was  only  .00035:  and  there  is  notliing 
peculiar  to  glass,  to  lead  to  the  belief,  that  this  increas- 
ing expansion  is  not  a property  of  it  in  common  with  all 
solids.  His  experiments,  however,  from  the  mode  of  con- 
ducting them,  were  liable  to  some  doubt.  Lavoisier  and 
La  Place  inferred  from  some  trials,  that  the  expansions  of 
metals  from  the  temperature  of  freezing  to  that  of  boiling 
water  correspond  with  the  indications  of  the  mercurial 
thermometer.  Petit  and  Dulong  have  more  lately  mude 
this  the  subject  of  experiment.  They  have  found,  as  has 
been  already  stated,  (page  223,)  that  the  expansion  of  me- 
tals above  212°  is  progressive,  or  exceeds  that  of  the  mer-  ' 
curial  thermometer ; and  they  farther  found  reason  to  in- 
fer that  the  expansibility  of  glass  is  also  progressive,  and 
this  even  in  a higher  ratio  than  that  of  metals  f. 

* Philosophical  Transactions,  vol.  Ixxv, 

t Annales  de  Chiraie  et  Physique,  t.  ii,  p.  254. 
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There  remain  to  be  noticed  some  exceptions  to  the  law 
that  bodies  are  expanded  by  caloric. 

The  most  general  is  that  enlargement  of  volume  which 
many  substances  suffer  in  passing  from  the  liquid  to  the 
solid  form.  When  a liquid  is  cooled,  it  contracts  with 
more  or  less  regularity  until  it  reach  the  point  at  which  it 
becomes  solid.  But  at  the  moment  that  it  congeals,  in* 
stead  of  remaining  of  the  same  volume,  or  of  contracting, 
it  in  different  instances  expands  with  considerable  force. 
This  is  remarkably  the  case  with  water  j its  expansion  in 
freezing  is  capable  of  overcoming  a great  mechanical  re- 
sistance. Boyle  found,  that  by  the  freezingof  a small  por- 
tion of  it,  a weight  of  /2  lbs.  was  raised.  The  Florentine 
Academicians  made  some  experiments,  in  which  a brass 
globe,  the  cavity  of  which  was  an  inch  in  diameter,  was  burst 
by  this  expansive  power  ; and  calculating  from  the  tena- 
city of  brass,  and  the  thickness  of  the  sides  of  the  globe, 
this  must  have  required  a force  exceeding  27,720  pounds. 
Major  Williarnsobtained similar  results,  an  iron  plug  2|-lb. 
weight,  being  projected  from  a bomb-shell  to  the  distance, 
in  one  experiment,  of  4-15  feet,  with  a velocity  of  more 
than  20  feet  in  a second,  and  in  another  experiment  the 
shell  being  burst  *.  The  amount  of  the  expansion  was 
calculated  to  be  equal  to 

f 1 oin  this  expansion  of  water  in  freezing,  the  specific 
gravity  of  ice  is  always  inferior  to  that  of  water,  as  is  evi- 
dent from  its  floating  on  the  surface  of  water. 

This  expansive  force  has  been  ascribed  to  the  extrica- 
tion of  a portion  of  air  which  water  holds  in  solution,  and 
which  freezing  disengages.  Though  this  may  have  some 
share  in  the  effect,  it  is  far  from  being  the  sole  cause;  as 
the  exp'ansion  takes  place  when  the  water  has  been  freed 
as  much  as  possible  from  this  air,  by  the  air-pump.  An 
experiment  of  this  kind  was  made  by  Boyle  f. 

* Transactions  of  the  Royal  Society  of  Edin.  vol.  ii,  p.  23. 
f Boyle’s  Works,  vol.  ii,  p.  5T6. 
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Mairan  explained  it  on  the  supposition  of  a polarity  in 
the  particles  of  the  water,  or  a tendency  to  unite  by  cer- 
tain sides  in  preference  to  others ; to  arrange  themselves 
in  a certain  manner,  and  run  into  right  lines  at  determi- 
nate angles.  The  explanation  appears  to  be  just.  When 
the  freezing  of  water  is  examined  by  the  microscope,  this 
peculiarity  of  arrangement  is  observed,  the  lines  shooting 
out  from  each  other  at  an  angle  either  of  60°  or  of  120°. 

A similar  arrangement  is  conspicuous  in  a flake  of  snow. 
The  freezing  of  water,  therefore,  is  a species  of  crystalliza- 
tion, and,  from  the  arrangement  it  produces,  vacuities  are 
formed  in  the  solid  mass,  and  its  volume,  compared  with  the 
fluid,  is  enlarged. 

The  same  phenomenon  is  perceived  in  some  other  sub-, 
stances.  Iron,  in  becoming  solid,  expands,  and  hence  the 
delicacy  of  the  impression  it  receives  from  a mould.  So 
do  bismuth  and  antimony,  and  perhaps  some  other  me- 
tals : others,  as  quicksilver,  conform  to  the  more  general 
law,  and  suffer  contraction.  Sulphur,  according  to  Dr 
Irvine’s  observations,  expands  in  congealing.  In  the  cry- 
stallization of  saline  solutions  by  exposure  to  cold,  expan- 
sion often  takes  place ; not  always,  however,  for  both  ni- 
tric and  sulphuric  acid  contract  in  congealing,  though 
their  congelation  is  a species  of  crystallization. 

But  a phenomenon  still  more  singular  is  exhibited  by  . 
water.  It  expands,  not  only  in  the  moment  that  it  passes 
to  the  solid  form,  but  before  it  reaches  its  freezing  point. 
This  expansion  appears  when  the  temperature  of  the  wa- 
ter is  reduced  to  40  of  Fahrenheit,  and  continues  in  an 
increasing  ratio  until  it  freeze.  This  seems  first  to  have 
been  observed  towards  the  close  of  the  ITth  century,  by 
the  Members  of  the  Academy  del  Cin)ento.  It  was  some 
years  afterwards  announced  by  Dr.Croune  to  the  Royal 
Society,  and  even  then  its  reality  was  disputed  by  Flooke, 
who  ascribed  the  appearance  of  it  to  the  contraction  of  the 
vessel.  So  little  attention  was  afterwards  paid  to  the  ob- 
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servation,  that  it  seems  to  have  been  forgotten,  until  again 
mentioned  by  Mairan.  De  Luc  first  investigated  it  with 
precision  *.  He  fixed  the  point  at  which  the  expansion 
commences,  at  41°  of  Fahrenheit;  and  he  supposed  the 
expansion  from  that  point,  either  towards  a higher  or  lower 
temperature,  to  be  the  same ; so  that  the  density  of  water 
at  50®  and  at  23°  is  alike. 

It  was  observed  by  Blagden,  that  if,  by  avoiding  agita- 
tion, the  freezing  of  water  at  32°  be  prevented,  and  it  is 
cooled  to  21°  or  22°,  the  expansion  continues  to  proceed, 
and  in  an  increasing  ratio ; or,  it  its  freezing  point  be  re- 
duced, by  dissolving  certain  salts  in  it,  the  expansion  be- 
gins at  about  the  same  distance  from  the  point  at  which 
such  a solution  does  freeze,  as  that  which  pure  water  ob- 
serves f.  At  a subsequent  period,  he  endeavoured  to  de- 
termine the  difference  of  density  in  water  at  these  tempera- 
tures by  weighing,  endeavouring  at  the  same  time,  from 
the  known  expansibility  of  glass,  to  make  .due  allowance 
for  the  difieience  in  the  capacity  of  the  containing  vessel 
from  the  difference  of  temperature  ; he  inferred  the  speci- 
fic gravity  of  water  at  35°  to  be  to  that  at  40°,  as  1.00087 
to  1.00091,  that  at  60°  being  1.00000  f;.  But  from  the  very 
different  expansibilities  of  glass,  and  the  difficulty  of  the  ex- 
periment, much  confidence  cannot  be  placed  in  this  calcu- 
lation. Le  Fevi  e Gineau  found  also  by  weighing  that 
the  greatest  density  of  water  is  at  39.2  of  Fahrenheit. 

IVIr  Dalton  likewise  made  this  the  subject  of  experiment. 
I-Ie  fixed  the  maximum  of  density  at  424.°  of  Fahrenheit. 
From  41°  to  44°  the  expansion  is  barely  perceptible;  from 
either  of  them  it  proceeds  in  an  increasing  ratio,  and  in 


* Kecherches  sur  les  Modifications  de  I’Atmosphere,  tom  i 
p.  225,  &c. 

t Fliilosopliical  Transactions,  vol.  Ixxviii. 
t Ibid.  vol.  Ixxx,  p.  333. 
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the  reduction  of  temperature  from  to  32°,  the  expan- 
sion amounts  to  about  part  of  the  whole  expansion 
from  424^°  to  212°.  He  confiraied  the  observation  ot  De 
Luc,  that  the  expansion  for  any  number  of  degrees,  either 
above  or  below  the  point  at  which  it  commences,  is  the 
same;  so  that,  taking  this  point  at  42.5,  the  density  of  wa- 
ter must  be  the  same  at  32°  and  at  53°  ; or,  if  it  be  at  40°, 
at  32°  and  48°.  He  confirmed  also  the  observation  of 
Blagden,  that  the  expansion  continues  below  32°  when  the 
water  is  cooled  beneath  that  without  freezing,  and  this  at 
a very  high  ratio.  He  succeeded  in  cooling  it  so  far,  that 
the  water,  from  expansion,  had  risen  as  high  as  the  point 
to  which  it  would  have  been  raised  had  it  been  heated  to 
75°.  Its  real  temperature  must  then  have  been  10°.  On 
freezing,  it  rose  suddenly  to  128°  on  the  scale  *. 

Mr  Dalton,  from  subsequent  investigations,  considered 
this  anomaly  exhibited  by  water  as  apparent,  not  real,  ex- 
plaining it  in  the  same  manner  as  Hooke  did,  from  the 
contraction  of  the  vessel  in  which  the  experiment  is  made. 
The  usual  mode  of  making  the  experiment  is,  to  put  a 
quantity  of  water  into  a ball  with  a cylindrical  stem,  of 
narrow  bore,  similar  to  a thermometer,  and  to  cool  it,  the 
expansion  of  the  water,  in  cooling,  being  measured  by  its 
ascent  in  the  tube.  It  is  evident,  that  the  glass  ball  being 
cooled,  must  contract,  and  must  contribute  in  part  at  least 
to  the  rise  of  the  fluid.  On  the  supposition,  however,  that 
the  whole  effect  depends  on  this,  it  may  be  inquired  why 
is  it  not  exhibited  by  other  liquids,  and  why  should  it  ap- 
pear only  at  the  part  of  the  thermometrical  scale  at  which  it 
does?  Both  these  objections  may  be  obviated.  The  reason 
why  the  apparent  expansion  is  exhibited  only  by  water  may 
be  said  to  be,  that  it  is  theliquid  in  which  the  changes  of  vo- 
lume at  that  temperature  are  least  considerable  ; they  are 
therefore  inferior  even  to  the  contractions  of  glass  *,  while, 
in  other  liquids,  the  contractions  being  more  considerable. 


* Manchester  Memoirs,  vol.  v,  p.  374. 
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they  are  not  exceeded,  or  even  equalled  by  the  contraction 
of  the  instrument,  and,  though  no  doubt  lessened  by  it,  are 
still  apparent.  The  reason  why  the  apparent  expansion 
of  water  takes  place  only  as  it  approaches  its  freezing  point, 
is,  that  its  expansibility  is  in  an  increasing  ratio  with  re- 
gard to  temperature.  The  farther  it  is  cooled  the  less  con- 
siderable are  its  contractions  from  decrements  of  tempera- 
ture ; and  continuing  to  diminish,  they  are  at  length  in- 
ferior to  the  contractions  of  the  glass,  and  from  this  point 
the  apparent  expansion  must  begin. 

So  far  the  opinion  is  not  improbable ; and  the  experi- 
ments by  which  Mr  Dalton  endeavoured  to  establish  it 
appeared  not  inconclusive.  If  the  explanation,  which  re- 
fers the  rise  ol  the  fluid  in  the  tube  to  the  contraction  of 
the  vessel,  be  just,  that  rise  must  be  different  in  extent, 
and  in  the  point  at  which  it  commences  in  vessels  of  diffe- 
rent kinds  of  materials ; for  the  expansion  of  any  substance 
being  peculiar  to  itself,  their  contractions  from  cold  must 
be  different,  and  their  effect,  of  course,  in  pressing  on  a 
contained  fluid  must  be  unequal.  On  this  idea  he  re- 
peated the  experiments  in  vessels  of  earthen-w’are,  and  of 
different  metallic  substances,  and  found  the  point  of  maxi- 
mum density  to  be  different  in  each.  The  following  ta- 
ble  shews  the  differences  ; 


Brown  earthen-w^are, 
White  earthen -ware. 
Stone  ware, 

Flint  glass, 

Iron,  thin  plate. 
Copper, 

Brass, 

Pewter, 

Zinc, 

Lead,  - » 


Water 

lowest. 

Water  Uie  same 
height 

at  38°  at  32°  and  4-4° 

40 

32  and  48 

40 

32  and  48 -f 

42 

32  and  52| 

42 -I- 

32  and  53 

45-p 

32  and  59 

45| 

32  and  60 

46 

32  and60| 

48 

32  and  64 

49 

32  and  67 ♦ 

* New  System  of  Chemical  Philosophy,  p.  31. 
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The  conclusion,  however,  which  Mr  Dalton  drew  from 
these  experiments,  does  not  follow.  The  containing  ves- 
sel must  no  doubt  influence  the  result ; and  from  this  the 
point  at  which  the  expansion  commences  must  be  some- 
what lower  than  it  appears ; and  will  appear  highest  in  a 
ball  made  of  a substance  which  contracts  most  from  a re- 
duction of  temperature,  and  lowest  in  one  which  suffers 
little  contraction.  The  influence  of  this  is  apparent  in 
the  preceding  experiments,  lead,  for  example,  being  the 
metal  which  suffers  the  greatest  contraction,  as  appears 
from  the  table  of  Ellicot,  in  a ball  of  lead,  the  point  of 
greatest  density  is  raised  highest  in  the  thermometrical 
scale,  or  appears  at  4-9°,  while  glass  and  earthen-ware  are 
inferior  to  metals  in  expansibility.  Still  the  conclusion 
cannot  be  drawn,  that  the  contraction  of  the  vessel  is  the 
sole  cause  of  the  ascent  of  the  fluid.  On  the  contrary,  as 
the  expansibility  of  earthen -ware  is  so  inconsiderable,  it 
may  be  inferred,  that  in  the  reduction  of  its  temperature, 
from  40°  to  32°,  the  contraction  is  so  small,  as  to  contri- 
bute little  to  the  apparent  expansion  of  the  water  ; and 
that,  therefore,  the  result  of  the  experiment  with  it  proves 
nothing  more,  than  that  the  point  of  greatest  density  is 
lower  than  had  been  supposed ; and  even  with  regard  to 
this,  there  may  be  some  fallacy  from  the  porosity  of  the 
earthen-ware.  In  making  due  allowance  for  the  expan- 
sibility of  brass,  iron,  copper  and  lead,  compared  with  glass, 
the  point  of  greatest  density  in  water  will  appear  in  fact, 
from  these  experiments,  to  be  about  38.5. 

The  reality  of  this  anomaly  in  water  has  since  been 
established  fully  by  Dr  Hope,  by  experiments  conducted 
in  a manner  altogether  different  from  the  preceding,  and 
free  from  the  objections  to  which  they  are  liable  ; the  ef- 
fect being  inferred  from  the  change  of  place  in  a column 
of  water,  cooling  from  40°  to  32°,  or  heating  from  32°  to 
40°,  and  being  therefore  independent  of  any  contraction 
er  expansion  of  the  vessel. 
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A cylindrical  glass  jar,  84.  inches  deep,  and  44-  inches 
in  diameter,  was  filled  with  water  at  32°,  a thermometer 
being  suspended  in  it,  nearly  in  the  axis,  so  as  to  have  its 
bulb  distant  half  an  inch  from  the  bottom  ; and  another 
being  placed  at  the  same  distance  from  the  surface  of  the 
fluid.  Being  exposed  to  the  air  of  a room,  at  the  tem- 
perature of  60°,  the  temperature  of  the  water  was  gra- 
dually raised;  and  did  it  expand  from  this  rise,  it  is  ob- 
vious that  it  must  rise  towards  the  surface,  and  that  while 
any  inequality  of  temperature  existed  in  the  mass,  the 
thermometer  there  must  indicate  a higher  temperature 
than  the  thermometer  near  to  the  bottom  ; while  if  it  con- 
tract from  the  addition  of  caloric,  the  reverse  must  hap- 
pen. The  result  of  the  experiment  was,  that  in  the  pro- 
gression of  temperature  up  to  38°,  the  thermometer  at 
the  bottom  was  always  one  degree  at  least  higher  than 
that  at  the  surface,  a sufficient  proof  that  the  w'ater,  as  its 
temperature  rose  from  32°,  had  become  more  dense. 

In  the  cooling  of  water  to  32°,  a similar  result  was  ob- 
tained ; the  thermometer  at  the  bottom  remaining  higher 
than  that  at  the  surface.  And  this  experiment  was  con- 
ducted, so  as  to  shew  clearly  the  accuracy  of  the  method ; 
for  when  the  water  was  taken  of  the  temperature  of  53°,  in 
cooling  to  40°,  the  colder  w’ater  was  found  at  the  bottom; 
the  difference  between  its  temperature,  and  the  tempera- 
ture of  that  at  the  surface,  amounting  even  to  7 or  8 de- 
srees.  When  the  fluid  at  the  bottom  attains  40°,  it  re- 
mains  at  that  until  the  whole  reaches  that  point ; and  then 
the  progress  of  the  cooling  begins  to  be  reversed,  or  the 
colder  fluid  now  is  found  at  the  surface,  while  that  at  the 
bottom  is  four  degrees  warmer. 

These  experiments  were  varied,  and  rendered  more 
striking  by  communicating  or  abstracting  caloric,  not  to 
or  from  the  entire  mass  of  fluid,  but  at  the  surffice,  the 
middle,  or  the  bottom  of  the  vessel.  Above  40°,  the  warm- 
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er  part  of  the  fluid  always  is  at  the  top  of  the  vessel, 
while  the  colder  is  found  at  the  bottom.  Below  40°  this 
arrangement  is  reversed,  the  warmer  part  is  of  greater 
density,  and  descends ; the  colder,  being  more  expanded, 
is  elevated  to  the  surface,  where  it  remains.  In  commu- 
nicating heat  or  cold  to  the  middle  of  the  jar,  the  deter- 
mination of  these  currents  is  well  displayed.  The  whole 
experiments  establish  the  conclusion,  that  the  point  of 
greatest  density  in  water  is  not  at  its  freezing  point,  but  a 
considerable  number  of  degrees  above  it ; and  that  as  it 
approaches  to  that  point  it  suffers  expansion  *. 

Mr  Dalton  has  since  admitted,  that  the  point  at  which 
water  is  of  the  greatest  density  is  not  at  32°,  but,  as  he 
supposes,  about  36°  j and  he  has  employed  a good  deal  of 
reasoning  to  shew,  that  from  Dr  Hope’s  experiments  it 
cannot  be  inferred  to  be  higher  than  this  f.  What- 
ever may  be  the  exact  point,  the  result  of  importance 
is,  that  this  anomaly  with  regard  to  water  exists ; and 
this  is  fully  established  ; and  it  must  be  difficult  to  as- 
certain it  with  perfect  precision,  for  the  expansion  being 
an  increasing  one,  wherever  it  commences,  it  must  in  the 
first  stage  be  inconsiderable.  It  is  probably  near  38°« 
A confirmation  of  this  is  found  in  nature  on  a large  scale, 
in  tlie  uniformity  of  the  water  of  deep  lakes,  at  about  40° 
or  41°.  Pictet  pointed  this  out  with  regard  to  a number  of 
lakes  in  Switzerland,  and  it  is  evidently  owing  to  this  be- 
ing the  point  of  maximum  density  of  water,  so  that  if  the' 
water  were  either  heated  or  cooled  beyond  this  at  the 
surface  it  would  not  descend 

Considering  the  fact  as  established,  it  is  a subject  of  in- 
quiry if  any  cause  can  be  assigned  for  this  anomaly.  The 
explanation  stated  by  Sir  Charles  Blagden  has  been  ge- 


* Transactions  of  the  Royal  Society  of  Edinburgh,  vol.  v. 
t Nicolson’s  Journal,  vol.  xiii,  p.  377 ; and  vol.  xiv,  p.  128. 
X Rumford’s  Essays,  vol.  ii,  p.  297. 
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iierally  received, — that  that  peculiar  exertion  of  the  at- 
traction of  cohesion,  which  gives  rise  to  the  arrangement 
of  the  particles,  so  as  to  unite  them  in  symmetrical  forms, 
may  commence  some  degrees  before  the  point  at  which  it 
becomes  sufficiently  efficacious  over  the  repulsive  power 
of  caloric  to  produce  solidity;  and  this  arrangement  may 
produce  enlargement  of  volume,  which  shall  exceed  even 
the  contractions  that  w'ould  result  from  the  abstraction  of 
caloric. 

It  might  be  supposed,  that  w’ere  this  explanation  just, 
the  water  should  suffer  some  diminution  of  its  fluidity, 
which  from  an  experiment  Dr  Hope  made  with  the  gra- 
vimeter, he  infers,  does  not  happen.  The  experiment, 
however,  is  liable  to  some  fallacy,  from  the  operation  of 
temperature  on  the  instrument,  the  exact  amount  of  which 
it  is  not  easy  to  estimate.  Since  cohesion  exists  in  fluids, 
it  seems  scarcely  to  be  doubted,  but  that  its  force  will  be 
diminished  by  increase  of  temperature;  and  the  conjecture 
that  it  is,  appears  to  be  established  by  an  observation  made 
by  Mr  Leslie,  that  from  this  cause  water  drops  from  a 
small  tube  with  six  times  more  velocity  when  it  is  near  its 
boiling  point  than  when  it  is  on  the  verge  of  congelation*^. 
There  is  here  also,  however,  a source  of  fallacy,  in  the 
difference  in  the  diameter  of  the  aperture,  produced  from 
the  expansion  of  the  substance  of  the  tube ; but  there  is 
reason  to  believe,  from  the  knowm  expansibility  of  glass, 
that  this  is  not  sufficient  to  account  for  the  difference ; 
and  the  general  deduction  from  theory  may  be  regarded  as 
sufficiently  probable,  that  the  cohesion  of  fluids  must  vary 
with  temperature,  though  the  extent  of  the  variations  can- 
not well  be  determined. 

There  is  reason  to  believe,  that  in  other  fluids,  w'hich 
expand  in  the  act  of  congealing,  this  expansion  takes 
place  through  a certain  range  of  temperature  above  the 


'*  Philosophical  Magazine,  vol.  xiv.  p.  201. 
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point  of  congelation.  Mr  Mushet  remarked,  that  if  on 
pieces  of  ii'on,  melted  iron  be  poured,  they  float,  and  ex- 
pose a considerable  portion  of  their  bulk  above  the  surface 
of  the  liquid  iron,  a proof  of  the  greater  density  of  iron  in 
its  fluid  than  in  its  solid  state.  But  this  buoyancy  di- 
minishes ; and  as  the  pieces  ol  metal  approach  more  and 
more  to  the  state  of  fusion,  they  gradually  sink,  till  they 
disappear  entirely  under  the  surface  * ; from  which  it  may 
be  inferred,  that,  in  proportion  as  the  temperature  of  the 
melted  iron  is  reduced,  its  density  is  diminished. 

There  is  one  other  exception  to  the  law  of  expansion 
from  caloric, — that  observed  in  the  different  clays  and  the 
pure  earth,  alumina,  which  predominates  in  their  compo- 
sition. These  contract,  instead  of  expanding  by  increase 
of  temperature.  It  is  on  this  property  of  clay,  that  Mr 
Wedgwood  constructed  his  pyrometer;  and  he  ascertain- 
ed the  principal  facts  with  regard  to  it.  The  contraction 
is  irregular  at  temperatures  below  ignition,  and  seems  to 
proceed  principally  from  dissipation  of  moisture,  and  ex- 
pulsion of  aerial  matter.  At  the  approach  to  ignition,  a 
slight  enlargement  of  volume  is  observed,  and  is  accom- 
panied with  an  extrication  of  air ; but  at  a full  red  heat, 
contraction  again  takes  place,  and  from  this  point  proceeds* 
as  the  temperature  is  raised,  until  the  heat  is  sufficient- 
ly intense  to  produce  vitrification  ; when  this  takes  place, 
which  happens  at  different  degrees  of  heat  in  different 
clays,  the  property  is  lost.  Through  this  stage  the  clay 
remains  porous,  and  is  bibulous,  but  at  the  same  time  ac- 
quires great  hardness.  The  whole  contraction  it  suffers 
is  equal  to  one-fourth  of  its  volume.  When  it  beo-ins  to 
vitrify,  it  expands,  and  by  urging  the  heat,  it  is  converted 
into  a slag,  and  is  contracted  into  less  volume  than  the 
clay  occupied  in  any  of  its  preceding  states. 

It  is  difficult  to  assign  the  cause  of  this  anomalous  pro- 


* Philosophical  Magazine,  vol.  xvhi,  p.  8. 
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pcrty  in  clay.  As  the  contraction  is  permanent,  remain- 
ing when  the  clay  has  become  cold,  it  might  be  supposed  to 
depend  on  some  change  of  composition.  It  has  been  sup- 
posed to  be  owing  to  the  expulsion  of  volatile  matter,  parti- 
cularly of  water,  which  clays  retain  with  force,  and  which 
may  be  gradually  expelled,  as  the  heat  rises  in  intensity. 
Hut  this  supposition  seems  to  be  refuted,  by  the  fact  ascer- 
tained by  Wedgwood,  that  his  pyrometrical  pieces,  at 
very  high  temperatures,  sustained  no  diminution  of  weight, 
though  they  continued  to  contract.  At  a low  red  heat,  a 
disengagement  of  common  air  with  carbonic  acid  takes 
place ; from  that  to  a strong  red  heat  there  is  a loss  of 
weight,  amounting  to  about  two  parts  in  the  100.  But  past 
this  there  is  no  further  loss.  This  has  been  ascertained 
also  by  Saussure.  The  pyrometrical  pieces  he  employed 
lost  2^  grains  by  heating  to  the  29th  degree  of  the  scale; 
but  beyond  that,  to  the  1 70th,  they  lost  no  weight,  though 
diminished  one- fourth  in  volume  *. 

It  may  probably  be  ascribed  to  the  exertion  of  the  at- 
traction of  cohesion  being  favoured  by  the  heat,  so  as  to 
give  rise  to  a closer  aggregation.  What  renders  this  pro- 
bable is,  that  the  clay  acquires  hardness,  according  to  the 
heat  to  which  it  has  been  exposed  ; and  that,  at  length,  it 
is  with  difficulty  acted  on  by  substances,  in  which,  in  its 
natural  state,  it  is  easily  soluble.  Sir  James  Hall,  in  his 
experiments  on  heat  modified  by  compression,  observed, 
that  chalk  suffers  changes  somewhat  analogous  to  these;  a 
solid  piece  which  had  been  previously  measured  in  the 
gage  of  Wedgwood’s  pyrometer,  suffering,  when  heated 
under  compression,  a contraction  three  times  greater  than 
that  of  the  pyrometer  pieces  in  the  same  temperature ; it 
lost  nearly  its  power  of  imbibing  water,  and  acquired  ad- 
ditional specific  gravity,  proving  the  approach  of  the  par- 
ticles during  their  consolidation  f. 


* Philosophical  Magazine,  vol.  x,p.  155. 
f Edin,  Philosoph.  Transact,  vol.  vi. 
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' With  the  exceptions  which  have  now  been  stated,  all 
bodies  which  have  not  their  composition  or  texture  per- 
manently changed  by  caloric,  suffer  expansion  from  its  in- 
troduction, and  contract  again  when  it  is  withdrawn. 


OF  FLUIDITY. 

■ The  second  general  effect  produced  on  bodies  by  the 
action  of  caloric,  is  Fluidity,  or  their  conversion  to  the  li- 
quid state. 

It  has  appeared  that,  when  caloric  is  introduced  into  a 
body,  the  volume  is  augmented,  or  the  particles  are  se- 
parated to  greater  distances  from  each  other.  This  con- 
tinues to  go  on  in  proportion  to  the  increase  of  tempera- 
ture, until  the  particles  are  separated  to  such  distances  as 
to  be  easily  moveable  in  every  direction.  This  constitutes 
the  fluid  form.  By  a reduction  of  temperature  the  par- 
ticles approach  j when  within  certain  distances  they  unite, 
and  the  fluid  is  brought  back  to  the  solid  state. 

These  changes  of  form  depend  on  the  relative  action  of 
caloric,  and  of  the  force  of  cohesion.  By  the  attraction 
which  subsists  between  the  particles  of  bodies,  they  are 
made  to  approach,  and  are  united,  so  as  to  form  solid 
masses.  Were  this  power  only  exerted,  all  bodies  would 
appear  under  this  form,  their  particles  would  be  in  actual 
contact,  and  every  mass  would  be  equally  dense.  But  its 
force  is  counteracted  by  the  repulsive  agency  of  caloric, 
by  which  the  particles  are  separated  to  distances  at  which 
the  attraction  ceases  to  operate  with  much  force,  or  by 
changes  connected  with  their  positions,  is  so  far  modified 
in  its  mode  of  exertion  as  to  admit  of  the  transition  of  the 
body  into  the  fluid  form. 

Yet  fluidity  is  not  to  be  regarded,  as  has  often  been  af- ' 
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firmed,  as  consisting  merely  in  the  weak  cohesion  existing 
amongthe  particles,  in  consequenceof  the  distance  at  which 
they  are  placed  by  the  action  of  caloric;  it  rather  depends  on 
a new  arrangement  accompanying  this,  or  produced  by  it. 
Cohesion  exists  in  the  fluid,  and  it  is  not  easy  to  determine 
to  what  extent ; and  that  a change  in  the  position  of  the 
particles  of  the  body,  so  that  they  assume  one  which  is  de- 
terminate, takes  place,  is  proved  by  the  facts  which  have 
been  stated  with  regard  to  the  contraction  some  substances 
experience  in  becoming  liquid, — facts  inconsistent  with  the 
hypothesis,  that  fluidity  depends  on  a weaker  cohesion 
from  the  particles  being  placed  at  greater  distances.  The 
view  given  of  this  subject  by  Professor  Robison  appears  to 
be  just  *.  He  remarked,  that  to  explain  the  mobility  of 
a fluid,  or  the  facility  with  which  its  parts  are  separated, 
it  is  necessary  to  suppose  only  that  the  action  of  its  par- 
ticles, whatever  it  may  be,  is  equal  in  every  direction,  at 
the  same  distance ; as  if  there  exist  this  equality,  it  can 
require  no  force  to  move  an  adjacent  particle  from  one  si- 
tuation to  another;  nor  any  force  to  keep  the  particle  in  its 
new  situation  with  regard  to  the  rest  of  the  fluid.  And  still 
the  attraction  exerted  between  the  particles,  provided  it  bo 
equal,  maybe  strong.  On  the  other  hand,  in  a solid,  the 
particles  must  attract  more  strongly  in  one  direction  than 
in  another;  hence  a particular  situation  of  each  particle 
must  be  assumed,  and  a force,  more  or  less  great,  will  be 
requisite  to  change  its  position.  It  follows,  therefore,  from 
this  view,  and  from  the  preceding  facts,  that  fluidity  arises 
not  merely  from  the  weakness  of  cohesion  between  the 
particles,  but  also  from  the  change  in  the  mode  in  which 
they  attract  each  other.  But  this,  at  the  same  time,  arises 
from  the  expansive  energy  of  caloric,  which,  in  separating 
the  particles  to  certain  distances,  gives  rise  to  this  change 
in  their  mutual  action  ; whence  they  assume  different  posi- 


* Black’s  Lectures,  vol.  i,  p.  517. 
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tions,  and  attract  with  a different  but  equal  force.  It  is 
probable  that  this  depends  on  the  modification  introduced 
by  the  figure  of  the  particles  of  bodies.  Within  a certain 
distance  this  must  operate  in  the  strength  of  the  attraction 
they  exert ; and  they  will  be  retained  in  a certain  position 
rather  than  in  others.  But  when,  by  the  repulsive  agency 
of  caloric,  they  are  placed  at  greater  distances,  this  will 
cease  to  operate,  any  effect  from  figure  must  be  insensi- 
ble, and  the  particles  will  attract  equally  in  all  directions, 
— the  circumstance  which  constitutes  the  licpid  form. 

Fluidity  thus  arising  from  the  operation  of  caloric  can- 
not, it  is  obvious,  be  regarded  as  essential  to  any  species  of 
matter.  Solidity  is  the  natural  state  of  every  body  ; and 
there  can  be  no  doubt  but  that  every  fluid  is  capable  of  be- 
ing rendered  solid  by  the  necessary  reduction  ot  tempera- 
ture. Every  known  liquid  nearly  has  been  I'educed  to 
the  solid  state  j and  the  difference  in  the  degrees  at  which 
different  bodies  suffer  this  change  of  form,  depends  entire- 
ly on  the  relative  force  of  cohesion.  Where  that  force  is 
weak,  the  fusion  may  take  place  at  a low  temperature ; and 
the  body  will  be  met  with  in  the  liquid  form,  unless  in  ex- 
treme colds  ; but  such  bodies  cannot  be  considered  as  more 
naturally  fluid  than  others. 

There  is  also  no  solid  but  what  may  be  rendered  fluid 
by  the  due  increase  of  temperature,  though  some  require 
a great  rise  compared  with  others.  Tin,  the  most  fusible 
of  the  metals,  melts  at  4>V2°  of  Fahrenheit,  while  platina 
cannot  be  melted  in  the  strongest  heat  a furnace  can  raise. 
The  substances  most  difficult  of  fusion  are  the  pure  earths; 
but  the  greater  number  of  them  have  been  fused  by  the  in- 
tense heats  which  the  researches  of  modern  chemistry  have 
enabled  us  to  excite. 

In  common  language,  those  bodies  which  are  liquid  at 
the  medium  temperature  of  the  globe  are  said  to  be  frozen 
or  congealed  when  they  are  brought  to  the  solid  state ; 
and  those  which  are  solid  at  that  temperature,  when  they 
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are  rendered  liquid  by  an  addition  of  caloric,  are  said  to 
be  melted  or  fused.  The  changes,  however,  are  the  samej 
and  water  is  as  much  to  be  considered  as  melted  ice,  as 
lead  or  iron  when  it  is  in  the  fluid  state  is  the  melted  me- 
tal. In  a general  table  of  the  scale  of  temperature,  at  the 
end  of  the  chapter,  will  be  found  the  temperatures  at  which 
a number  of  bodies  suffer  this  change  of  form. 

To  guard  against  mistake,  it  may  be  observed,  that 
there  are  many  substances  which  we  cannot  melt ; such 
are  the  greater  number  of  the  animal  and  vegetable  pro- 
ducts. A piece  of  wood,  for  instance,  cannot  be  brought 
into  a liquid  state  by  any  application  of  heat.  But  the 
reason  of  this  is,  that  such  bodies  suffer  decomposition  at 
a temperature  lower  than  that  which  would  be  necessary 
to  fuse  them  ; the  balance  of  attraction  between  their  ele- 
ments being  broken,  so  that  they  pass  into  new  combina- 
tions. It  is  thus  that  a piece  of  wood,  instead  of  being 
fused  by  heat,  is  converted  into  water,  an  acid  liquor,  and 
several  other  new  products.  But  such  cases  furnish  no 
just  exceptions  to  the  universality  of  this  effect  of  caloric. 

Of  the  fusion  of  substances  when  their  decomposition  is 
prevented,  we  have  a striking  example  in  the  experiments 
of  Sir  James  Hall.  By  the  application  of  pressure,  so  as 
to  prevent  the  decomposition  arising  from  the  separation, 
by  heat,  of  aerial  or  volatile  ingredients,  he  succeeded  in 
fusing  marble,  limestone,  or  chalk,  and  likewise  coal,  which, 
by  exposure  to  heat,  without  this  management,  could  not 
be  melted.  These  experiments,  too,  so  far  establish  a, 
general  principle  with  regard  to  fluidity,  that  when  an 
elastic  body,  or  one  which  in  its  insulated  state  is  aerial, 
is  combined  with  a solid,  if  its  escape  is  prevented  by  suf- 
ficient pressure,  it  renders  the  solid  fusible  at  a lower  tem- 
perature. Lime,  in  its  pure  state,  is  not  melted  by  the 
most  intense  heat  which  a furnace  can  raise,  but,  when 
combined  with  carbonic  acid,  it  is  melted  at  a tempera- 
ture, according  to  Sir  James  Hall’s  experiments,  not 
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greater  than  25*  of  Wedgwood.  The  aerial  ingredient 
seems  to  share  its  facility  of  being  expanded  by  caloric 
with  the  solid,  and  thus  to  increase  the  fusibility  of  the 
latter. 

• There  is  a remarkable  difference  between  expansion  and 
fluidity,  in  the  manner  in  which  they  are  effected.  Ex- 
pansion is  produced  gradually,  there  being  as  many  de- 
crees of  it  as  there  are  degrees  of  temperature,  while  flui- 
dity  is  in  general  sudden,  and  takes  place  at  a precise  tem- 
perature. If  a body  be  within  even  one  degree  of  its  melt- 
ing point,  it  preserves  its  solid  form.  T.  here  are  some  sub- 
stances, however,  which  become  soft  before  they  pass  into 
the  state  of  liquids,  as  those  of  an  unctuous  nature ; and 
the  same  thing  is  observable  in  some  of  the  metals.  In 
the  solder  of  the  pewterers,  for  example,  the  interval  be- 
tween the  commencement  of  congelation  and  the  solidifi- 
cation of  the  mass  is  not  less  than  40  degrees.  The  co- 
hesion of  a fluid  is  lessened,  or  its  tenuity  and  mobility 
are  augmented,  by  increase  of  temperature.  In  a tube 
.0674  inch  in  diameter,  33  long,  a reservoir  was  half  emp- 
tied in  35'  34"  at  100°  of  Fahrenheit;  in  60'  58"  at  55°; 
and  in  76'  19"  at  41° 

In  the  reduction  of  liquids  to  the  state  of  solids,  there 
are  some  circumstances  which  have  an  influence  in  pro- 
ducing the  change,  independent  of  the  mere  abstraction 
of  caloric.  When  ice  is  raised  to  32°  of  Fahrenheit,  it 
invariably  melts,  nor  is  it  possible  to  raise  its  temperature 
one  degree  higher,  as  any  addition  of  caloric  only  serves 
to  melt  it  more  rapidly.  But  w^ater  may  be  cooled  below 
32°,  without  being  converted  into  ice ; it  may  be  cooled 
without  difficulty  to  27°,  25°,  or  23°  ; Blagden  succeeded 
in  cooling  it  to  21°  of  Fahrenheit,  De  Luc  cooled  it  6 or 
7 degrees  lower,  and  Mr  Dalton  has  brought  it  so  low  as 
5°  of  Fahrenheit  without  freezing. 


^ Young’s  Natural  Philosophy,  ii,  396. 


26G 


OF  CALORIC. 


Otlier  circumstances,  therefore,  influence  this  change  of 

''  r ® 

form  besides  temperature.  The  most  general  is  agitation. 
In  cooling  water  below  32®,  to  prevent  freezing  it  must  be 
done  slowly,  and  with  perfect  rest.  It  otherwise  freezes 
at  32° ; or  if  we  have  succeeded  in  cooling  it  below  that, 
agitation  instantly  causes  it  to  freeze,  and  the  temperature 
rises  to  the  freezing  point.  This  was  observed  by  Mairan. 
Blagden  remarked,  that  the  kind  of  agitation  which  fa- 
vours freezing  is  rather  that  which  occasions  a vibration 
among  the  particles  than  that  which  moves  the  mass:  hence 
striking  the  vessel  containing  the  cooled  water  against  a 
hard  body  produces  instant  congelation,  when  agitating  it 
in  the  hand  will  not  have  the  same  effect. 

Water  which  has  been  deprived  of  air  by  boiling,  or 
other  means,  it  has  been  supposed,  can  bear  reduction  of 
temperature  without  freezing  better  than  water  in  which 
air  is  contained.  The  reverse  of  this,  however,  was  esta- 
blished by  Dr  Black.  He  exposed  equal  quantities  of  wa- 
ter unboiled,  and  water  which  had  been  boiled  for  four 
hours,  to  a cold  atmosphere,  and  found  that  ice  was  always 
formed  first  in  the  boiled  water,  and  that  frequently  when 
ice  was  on  its  surface  the  other  remained  liquid,  though 
the  moment  it  was  agitated  spiculae  of  ice  formed,  proving 
that  it  had  been  cooled  below  32°.  Hence,  he  remarks, 
the  reason  of  the  practice  in  India,  of  boiling  water  in- 
tended to  be  employed  to  obtain  ice.  He  supposed  this 
peculiarity  in  boiled  water  to  arise  from  the  circumstance 
that  its  air  having  been  expelled,  it  again  absorbs  it,  when 
exposed  to  the  atmosphere  ; and  this  may  occasion  a slight 
motion  among  the  particles  at  its  surface,  by  which  the 
congelation  may  be  accelerated  ♦.  The  effect  is  analogous 
to  the  crystallization  of  a satur.itcd  saline  solution  from  the 
admission  of  the  air. 


* Philosophical  Transactions,  vol.  Ixv,  p.  8, 
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The  intermixture  of  any  particles  that  impair  the  tran- 
sparency of  the  fluid  have  a similar  effect ; so  that  it  can- 
not be  cooled  two  degrees  below  without  freezing. 

The  circumstance,  however,  which,  with  most  certainty, 
determines  the  congelation  of  water,  is  the  introduction  of 
the  smallest  particle  of  ice  or  snow  ; crystals  instantly 
shoot  from  the  spot  the  ice  touches,  until  the  whole  sur- 
face is  frozen.  This  is  well  illustrated  in  an  experiment 
of  Sir  Charles  Blagden’s.  In  a calm  day,  when  the  tem- 
perature was  about  20°,  two  vessels  with  distilled  water 
were  exposed  to  the  atmosphere ; one  slightly  covered  with 
paper,  the  other  open  ; the  former  bore  to  be  cooled  many 
degrees  below  the  freezing  point,  while  a crust  of  ice  form- 
ed on  the  surface  of  the  other,  before  the  thermometer  im- 
mersed in  the  middle  of  it  came  to  the  freezing  point.  The 
phenomenon  had  been  before  observed  : he  justly  ascribes  it 
to  frozen  particles  floating  in  the  atmosphere,  which  when 
they  touch  the  cooled  surface  of  the  water  cause  it  to 
freeze.  Oil  poured  on  the  surface  of  water  prevents  it  from 
freezing  so  readily,  evidently  by  preventing  the  influence 
of  this  cause. 

The  phenomena  now  stated  have  usually  been  explain- 
ed on  the  principle,  that  the  congelatfon  of  a fluid,  such  as 
water,  is  a species  of  crystallization,  in  which  the  particles 
are  peculiarly  arranged.  The  existence  of  such  a polarity^, 
or  disposition  to  unite  by  certain  surfaces  in  preference  to 
others,  seems  to  be  proved  by  the  lines  of  ice  shooting  out 
at  certain  angles,  and  by  the  transition  of  form  being  ac- 
companied with  an  enlargement  of  volume ; and  it  affords 
a satisfactory  solution  of  the  operation  of  the  different  cir- 
cumstances which  influence  the  transition.  When  the  fluid 
is  cooled,  its  particles  approximate  ; but  the  surfaces  pre- 
sented to  each  other  may  not  be  those  disposed  to  unite. 
Agitation,  by  the  various  motions  it  impresses  on  them, 
may  occasion  some  to  pass  into  a more  advantageous  po- 
sition, or  to  approach  nearer  to  each  other;  and  these  ef- 
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fects  are  more  likely  to  happen  from  an  internal  agitation 
than  from  a general  motion  of  the  whole  mass.  Extraneous 
substances,  besides  serving  as  points  from  which  attrac- 
tion may  be  exerted,  may,  by  various  chances  attending 
their  floating  in  the  water,  throw  the  particles  into  fa- 
vourable situations.  Lastly,  the  influence  of  a particle 
of  the  solid  is  evidently  to  be  ascribed  to  the  attraction  it 
exerts  to  the  contiguous  particle  of  the  liquid,  an  effect 
which,  when  it  is  sufficiently  energetic  to  cause  the  cry- 
stallization to  commence,  will  quickly  be  extended  through 
the  whole  mass  *. 

Other  fluids  besides  water  exhibit  the  same  phenome- 
non. Mr  Macnab  found,  that  nitrous  acid  might  be  cool- 
ed from  30°  to  40°  below  its  usual  freezing  point ; and  a 
similar  observation  has  been  made  on  sulphuric  acid,  and 
on  mercury.  A decisive  proof  of  it  is,  that  they  can  be 
cooled  considerably  without  congealing;  but  the  moment 
their  congelation  commences,  their  temperature  rises  a 
number  of  degrees.  Blagden  found,  that  the  same  thing 
happens  in  many  saline  solutions.  The  dissolving  a salt 
in  water  generally  depresses  its  freezing  point ; but  the 
property  of  bearing  reduction  of  temperature  a number  of 
degrees  below  the  point  of  congelation  still  remains.  If 
water,  for  example,  hold  sea-salt  dissolved,  its  freezing  point 
is  reduced  to  16°,  but  it  can  with  care  be  cooled  to  9°,  with- 
out freezing;  and  a solution  of  nitre,  the  freezing  point  of 
which  is  can  be  cooled  to  16°.  These  facts  admit  of 
a similar  explanation. 

During  liquetaction,  a quantity  of  caloric  is  absorbed  by 
the  fluid,  which  does  not  augment  its  temperature  ; and 
when  it  returns  to  the  solid  state,  this  caloric  is  again 
rendered  sensible.  This  is  a chemical  phenomenon  of  the 
first  importance,  but  it  will  with  more  advantage  form  the 
subject  of  a separate  section. 

* Philosoph.  Trans,  vol.  Ixxviii,  p.  141. 
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OF  VAPORIZATION. 

When  a body  has  been  rendered  fluid  by  caloric,  by  a 
farther  rise  of  temperature  it  is  expanded  in  the  same  man- 
ner as  when  solid.  This  expansion  continuing  to  increase 
as  the  temperature  is  raised,  the  particles  are  at  length  se- 
parated to  such  distances  that  a change  of  form  again  takes 
place  ; the  attraction  of  cohesion  is  overcome,  a repulsive 
or  elastic  power  is  acquired,  and  the  body  becomes  rare 
and  invisible,  or  passes  into  the  aeriform  state.  This  is 
the  third  general  elfect  of  caloric.  It  is  properly  termed 
Vaporisation. 

Examples  of  this  change  are  sufficiently  familiar.  When 
w'ater  is  heated  to  212®  of  Fahrenheit  it  begins  to  boil. 
This  ebullition  is  the  conversion  of  the  water  into  vapour, 
and  the  rise  of  the  vapour  through  the  fluid  produces  the 
appearance  of  boiling.  In  a certain  time  the  whole  will  be 
dissipated  under  this  form.  Other  fluids,  as  alkohol,  or 
ether,  or  a number  of  solids,  as  sulphur,  camphor,  &c. 
may  be  made  to  suffer  the  same  change. 

This  process  of  vapoi'isation  has  been  distinguished  from 
another,  in  which  a body  likewise  escapes  under  an  invisi- 
ble elastic  form,  that  of  Evaporation.  When  water  is  ex- 
posed to  atmospheric  air,  it  is  dissipated  and  at  length  en- 
tirely disappears.  A number  of  other  bodies  suffer  the 
same  change.  This  is  termed  Spontaneous  Evaporation. 
It  has  been  regarded  as  the  solution  of  a body,  solid  or  li- 
quid, in  an  aerial  fluid.  Vaporisation,  again,  is  the  rapid 
conversion  of  a body  into  an  elastic  vapour,  by  the  opera- 
tion of  caloric  alone. 

This  invisible  elastic  form,  into  which  many  substances 
are  brought  by  the  agency  of  this  power,  is  termed  the 
gaseous  or  aeriform  state ; and  when  existing  in  it,  thev 
are  named  Vapours,  Airs,  or  Gases.  The  two  latter  terms, 
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Air  and  Gas,  used  in  a generic  sense,  are  synonymous ; 
they  are  applied  to  denote  those  bodies  which  exist  in  this 
invisible  elastic  state,  and  which  by  reduction  of  tempera- 
ture arc  not  rendered  liquid  or  solid.  Vapours,  again,  are 
condensible ; but  while  they  exist  in  the  state  of  vapours, 
they  possess  the  same  mechanical  properties  as  airs. 

The  distinguishing  property  of  bodies  existing  in  the 
alh'iform  state,  is  elasticity,  or  the  capability  of  being  re- 
duced into  a smaller  volume  by  pressure,  and  of  expanding 
when  that  pressure  is  removed.  All  the  airs  and  vapours 
are  possessed  of  this  property,  and  it  is  nearly  peculiar  to 
them  *,  for  though  water  and  some  other  fluids  seem  to  be 
compressible  and  even  elastic,  this  is  in  so  inconsiderable 
a degree,  as  to  be  scarcely  perceptible ; while  elasticity  is 
possessed  so  remarkably  by  all  the  gases,  that  it  is  their 
most  distinguishing  property. 

The  compressibility  of  any  of  these  bodies  is  obvious, 
even  on  a very  moderate  pressure.  The  w'eight  of  a few 
inches  of  mercury  is  sufficient  to  reduce  the  volume  of  at- 
mospheric air,  or  any  other  gas,  very  perceptibly.  By  a 
strong  pressure,  atmospheric  air  has  been  reduced  to  the 
128th  part  of  its  volume.  By  mere  compression,  the  va- 
pours can  be  reduced  to  the  fluid  state. 

Their  elasticity  is  exerted  with  great  force.  If  any  fluid, 
such  as  water,  alkohol,  or  mercury,  be  heated  in  a vessel 
from  which  the  vapour  cannot  escape,  the  vessel  will  be 
burst,  though  made  of  metal,  and  of  considerable  thick- 
ness. The  elasticity  of  watery  vapour  is  applied  w'ith  great 
force,  and  to  the  most  important  practical  purposes,  in  the 
steam-engine,  a machine  in  which  it  is  the  sole  spring  of 
motion,  producti\’e  of  immense  power. 

The  elasticity  of  the  gases  is  greatly  augmented  by  in- 
crease of  temperature.  It  has  been  already  stated,  that 
the  volume  of  atmospheric  air  is  increased  by  this  cause  in 
the  proportion  of  ;,:^th  part  for  each  degree  of  Fahren- 
heit’s scale;  and  the  elasticity  of  the  vapour  of  water  or 
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of  alkohol  is  nearly  doubled  by  every  30  degrees  of  Fah* 
renheit  above  212®. 

Rarity  is  another  property,  distinguishing  bodies  in  this 
form.  The  particles  are  separated  to  such  distances  that 
the  portion  of  gravitating  matter  in  a given  volume  is 
comparatively  small.  So  few  rays  of  light  too  are  reflect- 
ed, that  no  impression  is  made  on  the  organ  of  vision  ; 
hence  bodies  in  this  state  are  invisible,  except  in  the  ex- 
ample of  two  or  three  elastic  fluids,  which  are  distinguish- 
ed by  peculiar  colour  ; or  where,  as  in  the  atmosphere, 
from  the  largeness  of  the  mass  some  tint  of  colour  is  dis- 
played. The  vapours  in  condensing  become  opaque ; 
but  this  is  owing  to  a part  having  assumed  the  fluid  form, 
and  being  diffused  through  the  remaining  vapour. 

It  is  scarcely  necessary  to  add,  that  gravity  is  a pro- 
perty possessed  by  all  the  vapours  and  gases,  since  they 
consist  of  solid  matter,  brought  into  this  form  by  caloric  ; 
though  from  their  great  rarity  they  are  much  inferior  in 
specific  gravity  to  solids  or  liquids.  The  discovery  of  the 
weight  of  the  elastic  fluid  which  forms  the  atmosphere,  as 
it  was  one  of  the  first  fruits  of  the  researches  of  modern 
experimental  philosophy,  was  .also  the  first  step  in  the  in- 
vestigation of  the  properties  of  aerial  fluids. 

The  point  at  which  bodies  pass  into  the  aeriform  state 
is  very  various.  Some  assume  it  at  so  low  a temperature, 
that  the  greate.st  cold  that  has  been  produced  is  insuf- 
ficient to  reduce  them  to  the  fluid  form.  Others,  as  ether, 
alkohol,  water,  or  quicksilvei’,  are  convertible  into  vapour 
by  a moderate  heat ; ether,  for  example,  at  1 04°,  alkohol 
at  170°,  water  at  212°,  quicksilver  at  672°.  These  arc 
therefore  easily  reduced  to  the  state  of  fluidity  ; while 
there  is  a third  class  of  bodies,  such  as  the  metals  and 
* earths,  which  are  not  converted  into  vapour  but  by  the 
most  intense  heat;  there  arc  even  some  of  them  which 
have  not  suffered  this  change.  These  arc  termed  Fixed, 
in  contradistinction  to  those  which  are  volatile  or  easily 
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convertible  into  vapour;  but  the  term  is  merely  relative, 
since  there  can  be  no  doubt  but  that  even  these  bodies  are 
volatile,  though  at  a higher  temperature  than  we  can  easily 
produce. 

By  combining  a fluid  with  a solid  having  an  affinity  to 
it,  the  transition  into  vapour  is  prevented  or  retarded ; by 
dissolving  certain  saline  substances,  for  example,  in  water, 
its  boiling  point  is  raised  a number  of  degrees,  the  affinity 
of  the  salt  to  the  water  counteracting  its  volatilization, 
and  hence  the  effect  is,  generally  speaking,  in  proportion 
to  the  force  of  the  affinity,  and  the  quantity  dissolved. 
Achard  stated  that  some  salts  dissolved  in  water  have 
the  opposite  effect  of  lowering  its  boiling  point,  but  ac- 
cording to  Gay-Lussac  this  is  not  the  case.  If  a more 
volatile  body,  however,  be  combined  with  another,  and  at 
the  same  time  exert  to  it  a strong  affinity,  the  volatility  of 
the  latter  is  increased. 

The  difference  in  the  degree  of  temperature,  at  which 
bodies  assume  the  aerial  form,  has  given  rise  to  the  dis- 
tinction established  in  chemical  language  between  vapours 
and  airs  or  gases.  The  former  consist  of  bodies  which, 
at  a certain  temperature,  assume  the  gaseous  form,  that 
is,  acquire  elasticity,  arc  rarified  so  far  as  to  become  in- 
visible, and  are  so  light  as  to  ascend  in  the  atmosphere ; 
and  which,  while  in  that  state,  are  compressed  by  pressure, 
and  expand  when  that  pressure  is  removed,  providing  their 
temperature  be  kept  up;  but  as  soon  as  their  temperature 
is  reduced  to  a point  lower  than  that  at  which  they  were 
converted  into  a state  of  vapour,  they  return  to  the  fluid 
form.  The  latter  form  another  class  likewise  invisible, 
compressible  and  elastic,  which  differ  from  the  former,  in 
being  not  reducible  by  cold  or  pressure  to  the  liquid  or 
solid  state.  These  are  named  Airs  or  Gases,  and  are  dis- 
tinguished by  the  property  of  permanent  elasticity.  At- 
mospheric air  is  one  of  these,  and  there  are  a number  of 
others,  distinguished  by  peculiar  chemical  properties. 
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The  same  opinion  has  been  entertained  of  airs,  that 
was  formed  respecting  those  bodies  which  were  always 
found  liquid.  Their  aeriform  state  has,been  considered 
as  natural  or  essential  to  them.  But  modern  chemistry 
demonstrates,  that  they  owe  their  form  to  the  presence  of 
caloric,  and  that  could  this  be  sufficiently  abstracted,  they 
would,  like  the  vapours,  be  reduced,  first  to  the  liquid, 
and  then  to  the  solid  state. 

This  important  proposition,  though  even  in  the  present 
day  sometimes  objected  to  as  an*  hypothesis,  is  sufficiently 
established.  It  is  nearly  proved  a prioi'i  from  the  known 
agency  of  caloric,  which  converts  solids  into  liquids,  and 
liquids  into  vapours.  These  vapours  possess  all  the  me- 
chanical properties  of  airs ; and  it  is  demonstrable,  that  if 
the  bodies  existing  in  the  state  of  vapour  had  assumed 
that  state  at  a lower  temperature,  they  would  possess  the 
only  distinguishing  property  of  airs,  permanent  elasticity. 
If  water,  instead  of  requiring  a temperature  of  212°  to 
convert  it  into  vapour,  suffered  that  change  at  20®  or  30°, 
it  is  evident  that  at  50°,  60°,  or  any  superior  tempera- 
ture, it  would  be  an  air,  or,  in  other  words,  permanently 
elastic;  and  if  we  suppose  its  point  of  vaporization  to  be 
still  lower,  to  be  100°  or  200°  below  0 of  Fahrenheit,  it 
would  be  permanently  elastic  at  any  reduction  of  tempera- 
ture we  could  command,  and  of  course  perfectly  analo- 
gous, in  its  mechanical  properties,  to  atmospheric  air,  or 
any  of  the  gases.  This  inference  is  so  evident,  that  we 
can  scarcely  hesitate  in  admitting  the  conclusion,  that 
gases  are  solids  rarified,  and  rendered  elastic  by  caloric. 

The  proposition  is  farther  established  by  experiment. 
Two  aeriform  bodies  in  combining  frequently  form  a sub- 
stance which  exists  in  the  liquid  or  solid  form  ; and  in 
this  case  the  caloric,  to  which  they  owed  their  aeriform 
state,  is  disengaged.  And,  by  very  intense  colds,  aided 
by  compression,  some  gases  which  formerly  appeared  to 
VOL.  I.  s 
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be  permanently  elastic,  have  been  brought  to  the  liquid 
state.  This  result  has  been  obtained  from  oxymuriatic 
gas  and  sulphurous  acid  gas  *.  The  objection,  therefore, 
sometimes  urged  against  the  modern  system  of  chemistry, 
that  the  principal  substances  whose  actions  it  endeavours 
to  trace  are  hypothetical  elements,  is  founded  on  limited 
and  superficial  views. 

The  opinion  of  some,  that  the  difference  between  the 
gases  and  the  vapours  consists  in  the  combination  of  the 
caloric  with  the  gravitating  matter  of  each,  being  more 
intimate  in  the  one  than  the  other,  is  established  by  no 
evidence.  It  is  deduced  solely  from  these  gases  being  in- 
condensible; but  this  is  plainly  owing  to  the  low'  tempera- 
ture at  which  these  substances  pass  into  the  aerial  form. 

The  established  chemical  nomenclature  is  founded  on 
these  views  of  the  nature  of  the  aeriform  state.  Every  air 
or  gas  is  considered  as  a solid  substance,  brought  into  the 
aerial  form  by  the  agency  of  caloric.  This  cannot  be  ob- 
tained solid  and  insulated,  because  we  are  unable  to  pro- 
duce a reduction  of  temperature  sufficient  to  abstract  the 
caloric  which  adheres  to  it.  But  there  is  no  doubt  of  its  ex- 
istence. The  specific  properties  of  the  gas  are  consider- 
ed as  depending  upon  it ; the  form  only  being  owing  to 
caloric  ; and  when  it  passes  into  chemical  combinations, 
it  is  this  matter  which  is  considered  as  the  agent  concern- 
ed, as  exerting  those  attractions  from  which  the  combina- 
tion arises.  In  the  usual  nomenclature,  the  name  of  the 
gas  is  derived  from  this  solid  gravitating  matter  which  is 
its  base.  Oxygen  is  thus  spoken  of  as  the  base  of  Oxy- 
gen Gas;  Hydrogen  of  Hydrogen  Gas;  and  a similar  no- 
menclature is  extended  to  all  the  other  airs. 

The  transition  of  bodies  to  the  aeriform  state  is  much 
influenced  by  pressure.  This  resists  their  expansion,  or 


* Experiments  by  Mr  Northmore,  Nicolson’s  Journal,  vol.  xiii. 
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the  repulsion  established  between  their  particles,  and 
hence,  to  convert  a liquid  into  vapour,  a higher  tempera- 
ture is  requisite  when  pressure  is  present  than  when  it  is 
removed.  Under  the  usual  atmospheric  pressure,  water 
boils  at  212°  of  Fahrenheit ; but  it  undergoes  the  same 
change  at  J 80°,  or  even  some  degrees  lower,  in  the  im- 
perfect vacuum  of  the  air-pump.  At  different  barometri- 
cal altitudes  it  boils  at  difierent  temperatures ; at  that  of 
26,  for  example,  it  boils  at  205°  *.  Ether,  which  requires 
a temperature  of  104°,  boils  rapidly  in  the  exhausted  re- 
ceiver of  the  air-pump  at  the  common  temperature  of  the 
atmosphere.  Quicksilver  even,  there  is  reason  to  believe, 
passes  into  vapour  in  vacuo.  Pictet  remarked,  that  w'hen 
the  barometer  is  exposed  to  considerable  changes  of  tem- 
perature, occasionally  to  the  solar  light  for  example,  very 
small  drops  of  quicksilver  collect  in  the  upper  part  of  the 
tube,  which  increasing,  fall  back  into  the  fluid  beneath  f. 
And  Roy  observed  the  volatilization  of  quicksilver  in  the 
tube  of  the  barometer,  when  the  temperature  was  raised 
20  or  30  degrees  of  Fahrenheit  above  a medium  natural 
temperature :{;.  It  is  doubtful,  therefore,  if  even  the  Tor- 
ricellian vacuum  is  a perfect  one. 


* This  had  been  repeatedly  employed  as  a method  of  mea- 
suring heights.  And  lately  an  apparatus  has  been  construct- 
ed by  Mr  Wollaston  for  this  purpose,  portable,  and  of  very 
considerable  delicacy,  so  as  to  be  equal  to  the  common  baro- 
meter. It  consists  principally  of  a thermometer  having  a very 
fine  stem,  with  a large  bulb,  and  with  the  scale  adapted  only 
to  the  short  range  of  temperature  that  may  be  expected  to 
require  measurement.  The  degrees  are  thus  very  large,  so 
that  the  smallest  differences  are  apparent.  The  instrument  is 
connected  with  a small  apparatus,  by  which  water  may  be 
made  to  boil,  and  the  bulb  of  the  thermometer  be  properly 
immersed.  Philosophical  Transactions  1817. 
f Essais  de  Physique,  p.  154. 

$ Philosophical  Transactions,  vol.  Ixvii,  p.  670. 
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Pressure  has  an  equal  effect  in  repressing  the  elasticity 
of  vapour,  and  by  applying  it  in  sufficient  force  the  vapour 
is  entirely  condensed. 

It  thus  appears,  that  the  change  of  a fluid  into  vapour 
takes  place  through  an  extensive  range  of  temperature, 
less  being  formed  as  the  temperature  is  low.  Nor  is  it 
solely  dependent  on  temperature,  but  on  temperature  mo- 
dified by  pressure ; so  that  the  pressure  varying,  while 
, the  temperature  remains  the  same,  or  the  temperature 
varying  while  the  pressure  is  constant,  variable  quantities 
of  vapour  are  formed.  Hence  the  amount  of  elasticity 
from  a vapour,  arising  from  a liquid  under  these  different 
circumstances,  is  very  different,  as  different  quantities  of 
it  pass  into  that  state.  This  subject  has  been  investigated 
by  Mr  Dalton ; and  from  an  extensive  series  of  experi- 
ments, he  has  ascertained  the  elastic  force  exerted  by  va- 
pours in  contact  with  the  fluid  from  which  they  arise, 
measured  by  the  column  of  mercury  they  sustain,  through 
an  extensive  range  of  temperature. 

Thus  the  vapour  of  water,  in  contact  with  water,  sus- 
tains, at  the  temperature  of  212°,  a column  of  mercury  of 
SO  inches;  at  122°,  it  is  equal  to  that  of  3.5  inches;  and 
at  32^,  to  .02  inch.  Mr  Dalton  having  observed  a geo- 
metrical progression  in  the  numbers,  which,  according  to 
his  experiments,  expressed  the  elastic  force  of  steam  at 
diftcrent  temperatures  between  32°  and  212°,  the  ratio 
being  a gradually  diminishing  one,  was  enabled  to  fill  up 
by  interpolation,  those  degrees  which  he  had  not  ascer- 
tained by  actual  experiment,  and  to  extend  a table  of 
these  forces  at  both  extremes,  that  is,  below  32®,  and 
above  212°  ; the  ratios  for  each  interval  of  Ilf  degrees 
below  32°,  being  1.500,  1.515,  1.530,  1.545,  &c. ; and  i 
the  ratios  for  each  interval  above  212°,  being  1.235, 
1.220,  1.205,  1.190,  1.175,  1.160,  1.145,  1.130,  &c.  On. 
this  principle,  he  constructed  a table  of  the  force  of  va- 
pour from  water,  in  every  temperature  from  below  0 to 
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325*'.  It  will  be  sufficient,  instead  of  the  full  table,  to 
give  the  numbers  to  every  tenth  degree  *. 


rr.  1 Force  of  Vap. 

in  inches 
1 Mercury. 

„ Force  of  Vap. 

in  inches  of 
Mercury. 

_40° .013 

-30  .020 

-20  .030 

-10  .043 

0 .064 

10  .090 

20  .129 

30  .186 

40  ^ 263 

50  .375 

60  .524 

70  .721 

80  100 

90  1.36 

100  — — 1.86 
110  2.53 

120  3.33 

130  4.34 

i 140  5.74 

150°  7.42 

160  9.46 

170  12,13 

180  15.15 

190  19.00 

200  23.64 

210  28.84 

220  34.99 

230  41.75 

240  49.67 

250  58.21 

260  67.73 

270  77.85 

280  88.75 

290  100.12 

300  111.81 

310  123.53 

320  135.00 

325  -140.70 

From  this  table  we  discover  what  quantity  of  vapour 
IS  produced  from  water  at  a certain  temperature,  mea- 
sured by  the  column  of  quicksilver  it  sustains  ; water,  for 
example,  at  a medium  temperature,  that  of  5G°  of  Fah- 
renheit, giving  vapour  which  sustains  a column  of  0.375 
inch  ; and  hence  also  we  discover  at  what  temperature, 
and  under  what  pressure,  vapour  will  be  formed.  Thus, 
at  50°  it  is  produced,  when  the  pressure  is  that  which  has 
just  been  stated,  0.375  inch  of  mercury.  It  is  not  to  be 
conceived,  as  it  might  be  from  the  way  in  which  the  fact 
is  expressed,  that,  under  these  different  circumstances, 
the  same  quantity  of  vapour  passes  into  vapour,  and  that 


* Manchester  Memoirs,  vol.  v,  p.  559. 
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this  vapour  has  more  or  less  elasticity  *,  but  that  different 
quantities  of  it  pass  into  that  state;  the  quantity  being 
greater  at  a given  temperature,  as  the  pressure  is  less,  or 
under  a given  pressure,  as  the  temperature  is  high  ; and 
hence  the  exertion  of  a greater  elastic  power ; in  other 
words,  the  increased  elasticity  of  vapour  in  contact  with 
the  liquid  affording  it,  as  the  temperature  rises,  is  owing 
to  a larger  quantity  of  liquid  passing  into  that  state,  and,  * 
of  course,  under  a given  pressure,  to  the  steam  being  more 
dense  at  a high  than  at  a low  temperature. 

Other  experiments,  on  the  force  of  watery  vapour,  at 
different  temperatures,  particularly  those  by  Bettancourt, 
which  are  the  most  extensive,  and  perhaps  the  most  ac- 
curate, give  numbers  somewhat  less  in  the  lower  part  of 
the  scale,  and  greater  in  the  higher,  as  is  apparent  from 
the  following  table,  in  which  the  force  of  vapour,  every 
ten  degrees  of  Reaumur’s  scale,  is  expressed  by  the  column 
of  mercury  measured  by  inches,  which  it  sustains  *. 


Temperature. 

Reaumur. 

French 

inches. 

Fahrenheit. 

English 

inches. 

0 

0.00 

32 

0.00 

10 

0.15 

54.5 

0.16 

20 

0.65 

77 

0.69 

30 

1.52 

99.5 

1.62 

40 

2.92 

122 

3.11 

50 

5.35 

144.5 

5.71 

60 

9.95 

167 

10.61 

70 

16.90 

189.5 

18.02 

80 

28.00 

212 

29.86 

90 

46.40 

234.5 

49.49 

100 

71.86 

257 

76.57 

110 

98.00 

279.5 

104.52 

It  is  remarked  by  Mr  Dalton,  that  the  assumption  of 
the  force  of  vapour  at  32®  of  Fahrenheit  being  nothing 
renders  the  numbers  incorrect  in  the  lower  part  of  this 


* Journal  Polytechnique,  cahier  ii,  p.  17. 
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scale  ; and  that  in  the  higher  part  they  are  represented  as 
too  great,  owing,  as  he  supposes,  to  a portion  ot  air  being 
disengaged  from  water  by  heat  mixing  with  the  steam,  and 
augmenting  its  elasticity.  Any  deviation  from  this  cause, 
however,  must  be  extremely  trivial  ■ when  care  is  tdken 
even  to  obviate  it,  little  difference  is  found,  and  as  this 
inconsiderable  disengagement  of  air  will  always  take  place 
in  actual  experiment,  in  the  application  to  practical  pur- 
poses, to  calculating,  for  example,  the  force  of  steam,  as 
a mechanical  power,  the  numbers  deduced  in  this  way  are 
to  be  preferred ; and  they  derive  considerable  authority 
from  resting  on  actual  experiment. 

Mr  Dalton  extended  his  experiments  to  other  liquids, 
and,  as  the  result  of  them,  inferred  the  general  law, 
“ That  the  force  of  vapour  from  all  liquids  is  the  same, 
at  equal  distances  above  or  below  the  several  temperatures 
at  which  they  boil  in  the  open  air.”  Thus,  the  elastic 
force  of  the  vapour  of  water  heated  to  212°,  is  equal  to  a 
column  of  mercury  30  inches  in  height;  by  a diminution 
of  30  degrees  of  temperature,  its  elasticity  is  diminished 
one-half;  hence,  according  to  this  law,  the  vapour  of  any 
other  liquid  must  lose  half  its  force,  by  a diminution  of 
temperature  equal  to  30  degrees  below  that  at  which  it 
boils  under  a common  atmospheric  pressure ; and  the  like 
for  any  other  increment  or  decrement  of  heat.  The  elas- 
tic force,  therefore,  of  the  vapour  of  water  at  different  tem- 
peratures being  determined,  it  is  easy  to  find  that  of  any 
other  liquid,  the  boiling  point  of  which  is  ascertained; 
the  elasticity  of  the  vapour  of  that  liquid,  at  any  distance 
from  its  boiling  point,  being  the  same  as  the  elasticity  of 
the  vapour  of  water  at  the  same  distance  from  its  boiling 
point.  The  boiling  points  of  ether,  according  to  Dalton, 
being  102®,  of  alkohol  ITS'^,  of  liquid  ammonia  140°,  of 
liquid  muriate  of  lime  230°,  the  force  of  the  vapour  of 
each,  at  60°,  is  as  follows : that  of  ether  is  etjual  to  12.13 
inches  of  mercury  ; that  of  alkohol  1.5;  that  from  liquid 
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ammonia  4.3 ; that  of  the  vapour  from  liquid  muriate  of 
lime,  about  0.26  of  an  inch  *.  This  law,  however,  is 
doubtful,  and  it  leads  to  some  conclusions  which  appear 
not  to  be  just,  with  regard  to  the  force  of  vapour  at  dif- 
ferent temperatures  from  different  bodies  f. 

In  Mr  Dalton’s  experiments  on  the  elastic  force  of 
steam  arising  from  water,  it  appeared  that  the  force  in- 
creases nearly  in  a geometrical  progression  to  equal  incre- 
ments of  temperature,  as  measured  by  the  common  mer- 
curial scale.  It  will  be  yrechely  geometrical,  he  has  since 
remarked  if  the  increments  of  temperature  are  measured 
by  a thermometer,  the  scale  of  which  is  divided,  accord- 
ing to  the  law,  that  the  expansion  of  the  thermometrical 
fluid  is  as  the  square  of  the  temperature  from  its  freezing 
point ; and  he  has  farther  inferred,  that  all  vapours  from 
pure  homogeneous  liquids,  in  contact  with  their  respective 
liquids,  increase  in  geometrical  progression  to  the  in- 
crease of  arithmetical  temperature, — conclusions  which 
rest  on  the  truth  of  this  law,  which  is  extremely  doubtful. 
'Where  the  liquid  is  not  homogeneous,  the  progression 
is  not  geometrical,  as  the  vapour  is  a mixture  of  the 
substances  composing  the  liquids.  This  is  the  case  with 
alkohol,  which  always  contains  a mixture  of  water  ; and 
as  this  is  various,  the  force  of  vapour  from  it  is  not  easily 
ascertained  with  precision.  The  experiments  of  Bettan- 
court  give  results  somewhat  different  from  Dalton’s  ; the 
proportion  in  its  force  to  that  of  watery  vapour  being 
stated,  at  all  temperatures,  as  more  than  double,  or  as  7 
to  3 nearly 

The  younger  Saussure  has  stated  a law  which  appears 
to  exist  with  regard  to  the  specific  gravities  of  vapours,  in 
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relation  to  the  volatility  of  the  liquids  from  which  they  are 
formed, — that  they  are  less  as  the  fluid  is  less  volatile.  Wa- 
ter is  less  volatile  than  alkohol,  and  alkohol  is  less  volatile 
than  ether;  but  the  elastic  vapour  of  water  is  lighter 
than  that  of  alkohol,  and  the  vapour  of  alkohol  is  lighter 
than  that  of  ether.  He  infers,  therefore,  that  the  specific 
gravity  of  vapours  is  in  the  direct  ratio  of  the  volatility  of 
the  liquids  that  afford  them.  Hence  an  inference,  rather 
singular,  that  if  elastic  fluids,  when  presented  to  each  other, 
did  not  remain  diffused,  but  arranged  themselves  accord- 
ing to  their  specific  gravities,  ot  the  vapours  arising  from 
the  surface  of  the  earth,  those  from  the  least  volatile  bodies, 
as  the  metals  and  earths,  would  be  those  which  would  oc- 
cupy the  higher  regions  of  the  atmosphere,  supposing  that 
its  temperature  were  uniform  *. 

By  increasing  pressure  on  fluids,  they  may  be  heated  to 
a very  high  temperature.  In  Papin’s  digester,  a close  iron 
vessel  in  which,  by  means  of  a valve  on  which  a regulated 
weight  presses,  vapour  may  be  retained  to  a considerable 
extent  without  bursting  the  vessel.  Water  has  thus  been 
heated  to  above  -tOO®,  and,  by  this  increase  of  tempera- 
ture, its  solvent  power  with  respect  to  many  substances  is 
much  increased. 

The  transition  of  substances  into  vapour  is  considerably 
accelerated  by  passing  over  the  surface  of  the  body  heated 
a current  of  air  It  had  been  known,  that  if  a liquid  be  ex- 
posed to  a moderate  heat  in  a vessel,  having  an  imperfect 
communication  with  the  air,  it  evaporates  slowly,  while  it 
evaporates  rapidly  at  the  same  temperature  under  a free 
exposure  to  the  air ; and  also,  that  in  decomposing  one 
body  by  another,  the  decomposition,  when  accompanied 
with  the  expulsion  of  an  elastic  product,  does  not  proceed 
so  rapidly  in  vessels  close  or  partially  closed,  as  when  the 
mixture  is  exposed  to  the  air.  This  has  been  more  fully 
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investigated  by  Guy-Lussac  *.  If’  sulphuric  acid  be  pour- 
ed on  nitre,  vapours  of’  nitric  acid  continue  to  be  disen- 
gaged for  a long  time  under  exposure  to  the  air;  but  they 
soon  cease  if  the  air  is  excluded.  If  muriate  of  potash, 
and  indeed  a number  of  salts,  be  kept  in  fusion  in  an  open 
vessel,  there  is  a loss  of  weight,  which  does  not  happen  if 
the  vessel  be  lightly  covered  ; and  if  the  cover  be  removed, 
vapours  almost  immediately  arise,  though  none  appeared 
to  escape  before  from  the  small  apertures  at  the  sides  of 
the  cover.  A number  of  the  metals,  too,  lead,  antimony, 
and  bismuth,  give  fumes  at  a red  heat  in  an  open  crucible, 
but  afford  no  sublimate  in  a closed  crucible ; appearing, 
therefore,  to  be  in  the  one  case  volatile,  in  the  other  fixed. 
Lastly,  water  evauorates  at  a common  temperature  if  ex- 
posed to  the  air,  but  cannot  be  distilled  at  the  same  tem- 
perature in  vessels  imperfectly  closed.  The  principle  by 
which  Gay  Lussac  accounts  for  these  facts,  is  one  advanced 
by  Mr  Dalton,  ihat  the  transition  of  a liquid  into  vapour 
at  temperatures  inferior  to  its  ebullition,  is  not  counteract- 
ed by  the  pressure  of  a different  elastic  fluid,  but  only  by 
the  pressure  of  its  own  vapour.  In  a vacuum,  for  example, 
a portion  of  water  passes  into  vapour,  and  this  vapour  ex- 
erts a certain  elastic  force,  regulated  by  the  temperature 
which  limits  the  quantity  evaporated.  The  same  quan- 
tity of  vapour,  Mr  Dalton  assumes,  will  arise  from  water 
and  exist  in  the  same  space,  although  that  space  be  oc- 
cupied by  a different  elastic  fluid.  The  transition  of  a 
body  into  vapour,  therefore,  will  go  on  in  atmospheric  air 
as  it  would  in  vacuo  at  the  same  temperature : it  is  only 
when  the  vapour  is  kept  in  contact  with  the  body  that  the 
evaporation  is  counteracted,  and  hence  the  reason  why 
that  evaporation  is  suspended  in  vessels  which  are  closed, 
or  have  an  imperfect  communication  with  the  atmospheric 
air.  It  may  be  doubted,  however,  if  the  principle  on  which 
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this  explanation  rests  is  just,  and  the  effect  of  atmospheric 
air  or  of  any  other  elastic  fluid  in  promoting  the  transition 
into  vapour  is  probably  owing  to  the  affinity  it  momentarily 
exerts  to  the  body  evaporating  at  the  surface  at  which  the 
evaporation  takes  place.  i 

Bodies  passing  into  the  aeriform  state  absorb  a large 
quantity  of  caloric,  which  does  not  increase  their  tempera- 
ture. The  consideration  of  this  important  phenomenon 
will  be  introduced  with  more  advantage,  in  connection 
with  another  subject— the  quantities  of  caloric  which  bodies 
contain. 

From  the  different  tendencies  which  bodies  have  to  pass 
into  vapour,  we  are  enabled  to  separate  them  from  each 
other  when  they  are  previously  combined,  or  when  they 
become  products  of  chemical  action  ; and  peculiar  arrange- 
ments, adapted  to  different  cases,  being  requisite  for  this 
purpose,  constitute  several  chemical  operations  relative  to 
vaporisation,  which,  with  the  apparatus  in  which  they  are 
performed,  fall  to  be  described  under  this  part  of  the  sub- 
ject. 

When  heat  is  applied  to  recover  a solid  substance  dis- 
solved in  a fluid,  without  any  arrangement  being  made  to 
preserve  the  fluid,  the  operation,  which  is  named  Evapora- 
tion, is  performed  in  shallow  vessels,  which,  presenting  an 
extensive  surface,  admit  of  the  liquor  being  quickly  heat- 
ed, and  of  the  vapour  escaping  without  any  resistance. 
These  vessels  are  of  glass,  earthen- ware,  or  metal,  accord- 
ing to  the  nature  of  the  substances  operated  on,  and  the 
degree  of  heat  which  is  to  be  applied.  In  chemical  ex- 
periments on  a small  scale,  basons  of  glass,  or  of  Wedg- 
wood’s earthen-ware,  sometimes  also  of  silver  or  platina, 
are  used,  the  heat  being  applied  by  the  medium  of  a sand- 
bath.  In  pharmacy  and  the  arts,  they  are  constructed  of 
iron  or  lead,  and  the  heat  is  directly  applied.  Rumford 
has  endeavoured  to  determine  the  capacity  of  boilers,  best 
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adapted  to  the  evaporation  of  water,  from  a given  quanti- 
ty of  fuel ; and  the  same  problem  has  been  made  the  sub- 
ject of  experiment  by  Hassenfratz,  who  has  added  some 
experiments  on  the  comparative  results  of  evaporation  at 
different  temperatures.  The  result  with  regard  to  the  last, 
is,  that  it  is  most  economical  to  keep  the  liquor  up  to  its 
boiling  point,  the  greatest  quantity  being  thus  evaporated 
with  the  least  consumption  of  fuel  At  the  same  time,  it 
is  often  necessary  not  to  raise  the  heat  too  high,  as  the 
vapoui,  by  its  affinity  to  the  fixed  body,  elevates  part  of 
it  with  it  in  a combined  state.  This  has  been  found  to  be 
the  case  with  regard  to  the  most  fixed  salts,  when  water 
is  evaporated  from  them  at  a high  heat. 

When  the  object  is  to  obtain  the  volatile  matter  by  eva- 
poration, it  is  carried  on  in  close  vessels,  constructed  so  as 
to  collect  and  condense  the  vapour.  The  operation  is 
named  Distillation.  Different  kinds  of  distilling  appara- 
tus are  employed,  adapted  to  different  purposes. 

Where  the  process  is  conducted  on  a large  scale,  as  in 
the  distillation  of  ardent  spirits,  the  common  Still,  made 
usually  of  copper,  is  employed.  It  consists  of  a large  body 
somewhat  cylindrical,  which  contains  the  liquor ; a head 
is  adapted  to  it  with  a curvature,  which  is  connected  with 
a spiral  tube,  or  worm,  as  it  is  called,  placed  in  a vessel  of 
water  named  the  Refrigeratory;  the  vapour  arising  from  the 
liquor,  when  heat  is  applied  by  a furnace  to  the  body  of  the 
still,  rises  into  the  head  and  passes  into  the  spiral  tube, 
where  it  is  condensed,  and  is  collected  at  its  extremity. 
The  construction  of  the  common  still  has  usually  been  very 
imperfect.  The  body  being  of  a considerable  height  pro- 
portioned to  its  diameter,  a large  mass  of  liquor  is  to  be 
heated,  while  comparatively  a small  surface  is  exposed  to 
the  fire,  and  hence  a waste  of  heat.  And  the  tube  issuing 
from  the  head  of  the  still,  conveying  the  vapour  into  the 


• .Tournal  Poly  technique,  cahier  vi,  p.  SGT 


VAPORISATION. 


285 


spiral  tube  placed  in  the  refrigeratory,  being  generally 
narrow,  the  vapour  is  accumulated,  and  by  its  pressure  on 
the  liquor  retards  the  evaporation.  In  this  country  the 
construction  of  the  common  still  has,  within  these  few 
years,  received  very  great  improvements,  by  the  skilful  ap- 
plication of  the  principles  which  regulate  distillation  The 
height  of  the  still  of  the  new  construction  is  inconsiderable, 
compared  with  its  diameter,  and  by  the  width  of  the  tube 
a free  escape  is  allowed  to  the  vapours ; hence  the  dis- 
tillation can  be  performed  with  a rapidity  which  would  for- 
merly have  been  thought  impracticable  *. 

Another  improvement  is  that  of  the  double  still  by  Mr 
Tennant,  in  which  the  spiral  tube  from  one  still  is  intro- 
duced into  the  body  of  a second  still,  so  that  the  heat  from 
the  condensation  of  the  steam  passing  through  the  tube 
shall  be  applied  to  the.,  distillation  of  liquor  contained  in 
the  second.  This  is  effected  by  removing  from  the  latter 
the  pressure  of  the  atmosphere,  by  connecting  it  with  a 
receiver  made  air-tight  with  a stop-cock  adapted  and  kept 
cool.  The  air  in  the  receiver  being  allowed  to  escape  at 
the  commencement  of  the  operation,  its  place  is  occu- 
pied by  the  steam  from  the  liquor,  the  boiling  of  which 
has  been  accelerated  by  heat  directly  applied;  and  this  being 
condensed  by  the  cold,  a vacuum  is  kept  up,  which  allows 
the  distillation  to  proceed  at  the  heat  produced  by  the  con- 
densation of  the  steam  from  the  first.  About  three-fourths 
of  the  quantity  obtained  by  the  first  distillation  are  thus 
added  by  the  second  f . Another  method,  somewhat  simi- 
lar, but  more  simple  and  more  easily  managed,  is  that  of 
applying  the  heat  given  out  by  the  condensation  of  vapour 
in  distillation  to  raise  the  temperature  of  the  portion  of 
liquor  which  is  next  to  be  distilled.  This  is  done  by  in- 
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terposing  a closed  vessel  between  the  head  of  the  still  and 
the  worm  of  the  refrigeratory,  in  which  a wide  tube  or 
cylinder  connecting  these  is  placed ; the  vessel  is  nearly 
filled  with  the  liquor  intended  to  be  distilled,  and  the  heat 
from  the  vapour  passing  through  the  tube  and  condensing 
elevates  its  temperature  so  far,  that  in  transferring  it  to  the 
still  there  is  a considerable  saving  of  fuel.  A patent  still 
of  this  construction  has  been  pretty  extensively  used  in 
some  of  the  West  India  islands  *. 

It  is  an  object  of  importance  in  the  distillation  of  vege- 
table substances  with  water  or  spirit,  to  avoid  empyreuma 
from  too  strong  a heat  being  applied,  or  from  the  matter 
adhering  to  the  bottom  of  the  still.  A patent  has  lately  been 
taken  for  a still,  for  the  distillation  of  spiritous  liquors,  ha- 
ving this  advantage.  The  still  is  placed  within  a vessel 
containing  water,  to  which  the  heat  is  applied,  and  is  con- 
nected with  condensing  receivers,  cooled  in  the  usual  man- 
ner, which  are  exhausted,  so  that  a comparatively  low  heat, 
applied  by  the  medium  of  the  water,  is  sufficient  for  the 
distillation  f. 

In  the  greater  number  of  chemical  operations,  metallic 
vessels  are  acted  on  either  by  the  materials,  or  by  the  pro- 
duct of  the  operation  ; hence  glass-vessels  generally  re- 
quire to  be  employed  in  distillation.  The  Retort  or  coni- 
cal bottle,  the  neck  of  which  is  bent  at  an  angle  of  about 
60  degrees  A,  adapted  to  a receiver  B,  (Fig.  3 1 , Plate  III.) 
is  the  most  convenient  apparatus  of  this  kind.  Sometimes 
it  is  convenient  to  have  it  tubulated,  as  in  Fig.  32.  A,  and 
also  to  have  the  distance  between  it  and  the  receiver  in- 
creased, so  that  the  latter  may  be  kept  sufficiently  cool, 
by  an  intermediate  tube  B,  or  Adopter  as  it  is  named. 
The  heat  is  applied  by  the  medium  of  a water-bath  or 
sand-bath.  Sometimes  it  is  made  of  earthen-ware,  where 
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it  is  designed  to  be  exposed  to  a very  Intense  heat ; and 
it  is  covered  with  a coating  of  clay  and  sand  when  the 
fire  is  to  be  immediately  applied  to  it. 

In  some  cases  of  distillation,  the  product  is  not  entirely 
a vapour,  which  may  be  condensed,  but  there  is  likewise 
disengaged  an  elastic  fluid,  which  is  incondensible.  The 
receiver  having  a bent  tube  issuing  from  it,  represented 
by  C,  Fig.  32,  is  employed  in  this  case ; the  condensible 
part  of  the  product  is  collected  in  the  body  of  the  receiver, 
and  the  elastic  product  issuing  through  the  tube,  which 
terminates  in  a vessel  of  water,  may  be  collected  in  an  in- 
verted bottle  or  jar. 

In  certain  cases,  the  elastic  product  is  not  condensible 
by  itself,  but  is  capable  of  being  condensed  by  being 
transmitted  through  water,  with  which  it  combines.  The 
apparatus  invented  by  Woolfe,  Fig.  33,  is  employed  for 
this  purpose.  It  consists  of  a series  of  bottles.  A,  B,  C,  D, 
connected  with  each  other  by  bent  tubes,  and  connected 
with  a retort  generally  by  the  medium  of  an  adopter. 
The  first  bottle  A is  designed  to  collect  any  condensible 
part  of  the  product.  In  the  other  bottles,  water  is  placed 
to  nearly  one-half  their  height,  represented  in  the  figure 
by  the  dotted  line,  and  the  tube  passing  from  the  one  into 
the  other,  beyond  the  second  bottle  B,  dips  into  the  water 
of  the  bottle  into  which  it  is  inserted,  as  is  represented 
in  the  plate.  The  gaseous  product  is  thus  transmitted 
through  the  water,  and  is  absorbed  by  the  affinity  exerted 
to  it  by  the  water,  aided  by  the  pressure  of  the  short  co- 
lumn of  water  in  each  tube  ; if  any  portion  is  incapable  of 
being  absorbed  by  the  water,  it  passes  off  by  the  bent  tube 
at  the  end,  and  may  be  collected  in  an  inverted  jar,  in  a 
trough  of  water.  Each  of  the  bottles  except  the  first  has 
a straight  tube,  which  rises  to  the  height  of  8 or  10  in- 
ches  above  its  insertion  into  the  bottle,  and  passes  so  far 
witliin  it  as  to  dip  in  the  water  nearly  half  an  inch.  This 
is  termed  the  tube  of  safety,  and  the  use  of  it  is  to  guard 
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against  that  reflux  of  fluid  which  might  happen  from  a 
partial  vacuum  arising  from  condensation  in  any  of  the 
bottles ; for  as  the  air  in  the  bottles  is  expelled  at  the  com- 
mencement of  the  distillation,  by  the  gas  produced,  if  the 
production  of  gas  should  diminish,  the  quantity  contained 
in  the  bottles  being  absorbed  by  the  liquor,  a partial  va- 
cuum is  formed,  and  at  the  end  of  the  process,  when  the 
retort  cools,  this  must  always  happen  ; the  consequence  is, 
that  the  v/ater  being  more  pressed  on  by  the  atmospheric 
air  without,  than  by  the  gas  within,  passes  backwards 
from  one  bottle  to  another,  by  rising  through  the  tubes, 
as  from  D to  C and  from  C to  B,  and  thus  the  whole  is 
mingled  together,  defeating  the  object  of  distillation.  This 
is  prevented  by  the  tubes  of  safety,  as  when  any  such 
partial  vacuum  happens,  the  atmospheric  air  is  forced 
through  the  small  quantity  of  fluid  in  which  they  are  im- 
mersed, and  rising  into  the  bottles,  preserves  the  equili- 
brium. 

Various  improvements  have  been  made  in  this  appara- 
tus. One  defect  in  it  is,  that  we  cannot  have  the  advan- 
tage of  the  immersion  of  the  tube  which  comes  from  the 

O 

first  bottle  A into  the  liquid  in  the  second  B ; for  as  A 
is  designed  to  collect  the  condensible  product,  and  ought 
therefore  to  be  without  water,  it  can  have  no  tube  of  safe- 
ty ; and  hence,  if  the  tube  issuing  from  it  dip  into  the  li- 
quid in  the  second,  whenever  condensation  happens,  the 
liquor  will  pass  backwards  into  it.  The  apparatus,  there- 
fore, is  represented  in  the  plate,  with  the  bent  tube  from 
the  first  bottle  reaching  near  the  surface  only  of  the  li- 
quid in  the  second,  while  in  all  the  others  it  is  immersed. 
As  the  liquid,  however,  in  the  second  bottle,  is  in  the  best 
situation  for  being  impregnated  with  the  gas,  and  there- 
fore for  forming  the  most  concentrated  product,  it  is  of 
importance  to  aid  this,  and  obtain  the  advantage  of  the 
gas  being  forced  to  pass  through  it,  by  the  tube  being  im- 
mersed. The  contrivance  that  has  been  used  for  this  pur- 
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pose  is  the  tube  of  safety  of  Welther,  or  bent  tube  with 
an  additional  curvature,  and  a spherical  ball,  represented 
A Fig.  34,  as  intermediate  between  the  globular  receiver 
and  the  common  Woolfc’s  bottle,  and  connecting  them. 
In  this  is  put  a small  quantity  of  water,  so  as  to  rise, 
when  the  pressure  without  and  within  is  equal,  about  half 
way  into  the  ball.  If  the  elasticity  is  increased  in  the  in- 
ternal part  of  the  apparatus,  during  the  distillation,  by 
the  production  of  gas,  the  water  is  pressed  upwards  to  the 
funnel  at  the  top  ; if  there  is  a condensation,  it  is  forced 
by  the  atmospheric  pressure  into  the  ball,  but  whenever 
it  has  passed  the  curvature  beneath  the  ball,  it  is  obvious 
that  a portion  of  air  must  rise  through  it,  and  will  pass 
into  the  globe  or  bottle.  This  tube,  however,  from  its 
form,  is  very  liable  to  be  broken  } and  no  great  pressure 
can  be  employed  with  it,  without  making  it  of  such  a 
length  as  to  be  unwieldy  and  subject  to  risk.  The  me- 
thod I employ  to  obviate  this  inconvenience  is  more  sim- 
ple. It  is  having  the  usual  bent  tube  constructed  with  a 
ball,  in  that  part  of  it  which  is  inserted  in  the  bottle  B, 
containing  the  liquid  into  which  it  is  to  dip,  as  represented 
Fig.  36.  By  proportioning  the  depth  to  which  the  tube 
is  immersed  in  the  liquid  in  B,  to  the  size  of  the  ball,  it  is 
obvious,  that  when  the  ball  is  filled  from  the  liquor  rising 
into  it,  the  extremity  of  the  tube  will  be  no  longer  im- 
mersed ; a portion  of  the  gas  will  rise  through  the  liquor 
into  A,  and  preserve  the  equilibrium.  This  method 
has  the  advantages  that  we  can  employ  any  pressure  in 
the  apparatus,  and  that  no  atmospheric  air  is  introduced 
in  the  course  of  the  distillation  into  the  first  bottle,  but 
only  the  elastic  fluid  which  is  the  product  of  the  process. 
The  adaptation  of  tubes  of  this  kind  to  all  the  bottles, 
may  even  supersede  the  use  of  tubes  of  safety  through  the 
whole  apparatus ; while  any  extent  of  pressure  may  be  ob- 
tained by  immersion  of  the  tube  from  the  last  bottle  in  the 
requisite  depth  of  water  or  quicksilver. 
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Another  imperfection  which  attends  the  common 
Woolfe’s  apparatus,  is  the  difficulty  of  adapting  the  tubes 
by  grinding,  so  that  it  is  necessary  to  secure  the  joinings 
by  lute,  which  is  always  inconvenient.  The  method  I have 
employed  to  remedy  this,  is  by  having  a tube  fixed  when 
the  bottle  is  made,  into  that  orifice  into  which  the  long  leg 
of  the  tube  from  the  preceding  bottle  is  to  enter,  as  re- 
presented Fig  36,  in  the  bottles  B,  C,  D.  This  wide  tube 
being  of  such  length  that  it  is  immersed  in  the  liquor  with- 
in the  bottle,  and  the  tube  which  enters  it  having  a very 
slight  curvature  at  its  extremity,  the  gas  which  it  conveys 
is  propelled  forward,  rises  through  the  water,  and  passes 
into  the  next  bottle ; and  as  there  is  no  difficulty  in  grind- 
ing the  tubes  into  the  bottles  from  which  they  issue,  the 
whole  apparatus  is  easily  constructed  without  the  necessity 
of  lute.  The  open  tube,  too,  serves  the  purpose  of  a tube 
of  safety.  In  this  apparatus,  however,  little  pressure  can 
be  applied  to  promote  the  absorption  of  the  gaseous  pro- 
duct, as,  from  the  shortness  of  the  open  tubes,  the  liquor, 
by  such  a pressure,  is  forced  up,  and  may  overflow,  but 
this  may  to  a certain  extent  be  obviated,  by  having  the 
open  tubes  not  fixed,  but  fitted  by  grinding,  and  having 
them  of  such  a length  as  will  admit  of  the  rise  of  the  li- 
quid, as  is  represented  in  E.  Other  improvements  of  the 
original  apparatus  have  been  proposed, — one  by  Mr  Bur- 
kitt  ',  in  which  a valve  is  introduced  ; one  of  a similar 
kind  by  Mr  Pepys,  and  another  by  Mr  Knight  f. 

What,  upon  the  whole,  however,  will  be  found  the  most 
convenient  apparatus,  is  one  described  by  Dr  Hamilton, 
in  his  translation  of  Berthollet’s  Treatise  on  Dyeing,  re- 
presented with  some  variations.  Fig.  37.  It  consists  of  a 
series  of  globular  vessels,  which  are  fitted  by  grinding  to 
each  other.  The  first  is  inserted  into  the  second  bv  a 

•J 


* Nicolson’s  Journal,  4to,  vol.  v. 
t Philosophical  Magazine,  vol.  xx. 


'X 


VAPORISATION.  29 1 

short  neck,  for  the  reason  already  stated,  that,  being  de- 
signed to  receive  the  condensible  product,  water  cannot 
be  put  into  it  at  the  commencement  of  the  distillation, 
and  therefore  a tube  of  safety  cannot  be  inserted.  From 
the  second,  there  passes  a tube,  having  such  a curvature 
that  it  can  be  easily  introduced  into  the  third,  and  be  im- 
mersed in  the  water  which  it  contains  j the  third  has  a si- 
milar curved  tube,  which  passes  into  the  fourth,  and  the 
fourth  terminates  by  a bent  tube  in  a small  pneumatic 
trough  *.  In  the  second  bottle  is  inserted  a tube  of  safe- 
ty. In  the  other  bottles  this  is  not  necessary,  as  the  con- 
densation in  them  is  never  considerable.  The  great  ad- 
vantages of  this  apparatus  are,  that  all  the  parts  of  it  can 
be  easily  adapted  by  grinding,  and  that  it  is  not  liable  to 
be  broken  by  any  slight  dislocation, — advantages  which 
cannot  be  obtained  when  the  tubes  are  bent  as  in  the 
common  apparatus.  The  only  deficiency  is,  that  as  the 
tubes  cannot  have  such  a curvature  as  to  be  made  to  dip 
more  than  an  inch  in  the  water,  the  degree  of  pressure 
cannot  be  great,  so  as  to  facilitate  the  absorption  of  the 
gas.  But  this  may  be  obviated  by  connecting  with  the 
last  bottle,  where  it  is  required,  a tube  bent  at  right  an- 
gles, like  the  common  bent  tube  of  the  Woolfe’s  appara- 
tus, which  is  immersed  in  ajar  of  water  to  the  depth  that 
may  be  required  ; and  by  substituting  quicksilver  for  wa- 
ter in  this  jar,  any  pressure  that  the  apparatus  can  sus- 
tain may  be  obtained. 

There  is  one  other  form  of  the  pneumatic  distilling  ap- 
paratus, invented  by  Dr  De  Butts  of  Baltimore,  which  is 
possessed,  independent  of  its  general  use,  of  a particular 
advantage.  It  consists  (Fig.  35.)  of  tw'o  or  more  bottles. 


* In  the  original  apparatus,  these  curved  tubes  are  adapted 
to  the  necks  of  the  globes,  by  grinding ; but  this  is  unneces- 
sary, as  the  globe  can  be  easily  made  with  the  tube  projecting 
from  it. 
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The  first  A is  connected  by  a tubulature  towards  the  top 
with  the  tube  of  a retort,  or  an  adopter ; nigh  the  bottom, 
on  the  opposite  side,  is  another  tubulature,  and  in  the  next 
bottle  B,  at  the  same  height  from  the  bottom,  is  a similar 
opening  *,  these  are  connected  by  a straight  tube  without, 
which  has  such  a curvature  within  the  bottle  A,  as  to  rise 
above  the  water  employed  to  condense  the  gas,  the  surface 
of  which  is  represented  by  the  dotted  line:  the  succeeding 
bottles  are  connected  in  a similar  manner.  It  is  obvious 
that  the  gas  passes  fijrward  through  the  bent  tube,  and  is 
transmitted  through  the  water  in  the  next  bottle  j the 
tubes  may  be  fitted  by  grinding,  but  it  is  difficult  to  have 
this  done  with  perfect  closeness;  they  may  therefore  be 
inserted  by  corks  waxed  ; and  as  these  are  not  exposed 
directly  to  the  gas,  but  are  under  the  liquid,  they  will  in 
general  be  little  acted  on.  Tubes  of  safety  are  adapted 
in  a similar  manner  ; and  as  it  is  inconvenient  to  detach 
the  bottles,  the  liquor,  when  the  distillation  is  complet- 
ed, may  be  drawn  off  by  a syphon  inserted  by  the  orifice 
at  the  upper  aperture,  or  by  an  aperture  in  front  at  the 
' bottom,  fitted  accurately  with  a stopper.  The  peculiar 
ad  vantage  of  the  apparatus  is,  that  all  the  joinings,  with 
the  exception  of  the  first,  are  under  w’ater,  and  the  gas 
therefore  cannot  escape.  Hence,  in  distillations  in  which 
the  product  is  peculiarly  offensive,  as  in  that  of  oxymu- 
riatic  acid,  it  affords  the  best  security  against  any  noxious 
effect. 

A liquid  obtained  by  distillation  is  sometimes  not  per- 
fectly pure,  or  it  is  dilute  from  the  intermixture  of  water 
that  has  risen  in  vapour  with  it.  By  repeating  the  distil- 
lation a second  or  third  time,  it  is  rendered  more  pure  and 
strong  : the  process  is  then  named  Rectification,  or  some- 
times Concentration. 

When  the  product  of  volatilization  condenses  in  the 
solid  form,  the  process  is  named  Sublimation ; and  as 
such  products  arc  in  general  easily  condensed,  a simple 
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apparatus  only  is  required.  The  alembic  with  its  capital, 
Fig  38.  PI.  IV.  is  generally  used.  The  alembic  A is  a 
conical  shaped  vessel  of  glass,  in  which  the  materials  are 
put,  and  exposed  to  heat  in  a sand-bath,  the  sublimate 
condensing  in  the  upper  part  of  it,  and  forming  a crust 
on  its  sides.  The  capital  B is  adapted  to  its  mouth  to 
prevent  the  escape  of  the  vapour ; a small  groove  or  chan- 
nel runs  in  the  under  part,  terminating  in  a tube  project- 
ing from  it,  by  which  any  liquid  is  collected  and  pre- 
vented from  running  down  or  dropping  on  the  sides  of 
the  alembic. 

1 have,  lastly,  to  take  notice  of  the  apparatus  requisite 
for  operating  on  bodies  which  are  permanently  elastic. 

The  principal  part  of  this  apparatus  is  the  Pneumatic 
Trough,  invented  by  Priestley.  It  is  a trough  of  wood, 
lined  with  lead,  generally  of  an  oval  form,  about  8 inches 
deep,  from  20  to  24  in  length,  and  at  the  greatest  breadth 
15  inches;  a moveable  shelf  being  placed  in  it,  at  the 
depth  of  2 inches  from  the  edge,  in  the  longest  direction, 
so  as  to  occupy  one-half  of  the  breadth,  as  is  represented 
in  Fig.  46.  If  a glass  jar  filled  with  water  be  placed  in- 
verted on  this  shelf,  the  trough  being  filled  with  water  to 
the  edge,  it  is  obvious  that  the  water  within  it  will  be  sus- 
tained by  the  pressure  of  the  atmosphere.  If  the  extre- 
mity of  a retort,  or  tube  connected  with  a bottle  disen- 
gaging gas,  be  placed  under  it,  or  if  another  inverted  jar, 
containing  any  air,  be  turned  up,  under  the  mouth  of  it 
advanced  a little  over  the  shelf,  the  elastic  fluid  will  rise 
through  the  water,  displace  it.  and  be  collected  in  the  jar ; 
and  while  the  mouth  of  this  jar  continues  surrounded  with 
water,  the  included  air  cannot  escape,  nor  will  the  atmos- 
pheric air  find  access  to  it.  In  this  way,  aeriform  fluids 
can  be  collected,  preserved,  and  submitted  to  experiment. 
Some  of  them,  however,  are  rapidly  absorbed  by  water. 
These  must  be  received  and  kept  over  quicksilver;  and  as 
this  fluid  is  expensive,  and  inconvenient  from  its  weight,  a 
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smaller  trough  is  employed,  either  hollowed  out  of  mar- 
ble, or  of  a solid  block  of  hard  wood.  This  is  represent- 
ed Fig.  4-7,  with  an  addition  which  is  convenient, — a small 
rod  fixed  in  the  wooden  standard  on  which  the  trough  is  pla- 
ced, which  by  a ring  attached  to  it  by  a sliding  arm,  serves 
to  support,  without  any  risk,  the  jar  filled  with  quicksil- 
ver, and  placed  on  the  shelf.  Various  other  forms  of  this 
apparatus,  designed  principally  to  lessen  the  quantity  of 
quicksilver,  are  in  use. 

The  other  principal  part  of  the  apparatus,  for  operating 
on  the  gases,  is  the  Gazometer,  designed  to  contain  gases, 
so  that  measured  quantities  can  be  withdrawn.  The  forms 
are  various  : one  of  the  most  simple,  and  which  answers 
sufficiently  for  all  common  experiments,  is  that  represent- 
ed Fig.  48.  It  is  made  of  tinned  iron,  the  surfaces  of 
which  are  japanned,  and  consists  of  two  principal  parts  j 
a vessel  A,  somewhat  bell-shaped,  which  is  designed  to 
contain  the  gas,  and  a cylindrical  vessel  of  rather  greater 
depth,  B,  in  which  the  former  is  placed,  and  which  is  de- 
signed to  contain  the  water  by  which  the  gas  is  confined. 
To  diminish  the  quantity  of  water,  this  cylindrical  vessel 
has  a cone  within  it,  also  of  japanned  tinned  iron,  C,  a- 
dapted  to  the  shape  of  the  gas-holder,  so  that  this  latter, 
when  pushed  down,  slides  between  this  and  the  cylindri- 
cal vessel,  and  a small  quantity  of  water  fills  up  the  space 
between  them.  The  vessel  designed  to  contain  the  gas  is 
suspended  by  cords  hung  over  pulleys,  to  which  weights 
are  attached  so  as  to  counterpoise  it.  From  a stop-cock 
at  the  under  part  of  the  apparatus,  D,  there  runs  a tube 
under  the  cylinder,  which  rises  through  the  centre,  passing 
through  the  cone,  the  opening  by  which  it  passes  being 
soldered  so  as  to  be  air-tight,  and  terminating  by  an  open 
mouth  at  the  upper  part  of  the  bell-shaped  vessel  A.  This 
tube,  at  the  part  where  it  is  bent  at  right  angles,  to  as- 
cend, is  connected  with  another  which  also  runs  under 
the  bottom,  and  ascends  on  the  outside,  terminating  in 


VAPORISATIOK. 


295 


the  stop-cock  E,  so  that  from  the  one  stop-cock  to  the 
other,  through  the  gas  holder,  there  is  an  uninterrupted 
passage.  When  the  instrument  is  to  be  used,  the  stop- 
cock E is  opened,  and  the  vessel  A is  pressed  down,  a 
sufficient  quantity  of  water  being  in  the  outer  cylinder  *, 
the  air  of  the  vessel  is  forced  out  by  the  pressure,  and  its 
place  is  occupied  by  the  water  in  w'hich  it  is  thus  immersed. 
The  stop-cock  is  then  closed,  and  to  introduce  any  gas 
into  the  apparatus,  a bent  funnel,  the  mouth  of  which  is 
placed  in  a vessel  of  water,  is  attached  to  the  tube  of  the 
stop-cock  D,  as  represented  in  the  figure,  and  the  stop- 
cock is  opened  : if  the  extremity  of  a retort,  or  of  a tube, 
conveying  gas,  as  represented  in  the  figure,  terminate  be- 
low the  orifice  of  the  funnel,  the  gas  will  rise  along  the 
tube,  will  ascend  to  the  top  of  the  gas-holder,  and  this  being 
counterpoised,  will,  as  the  gas  enters,  rise  in  the  water  un- 
til it  is  filled,  a quantity  of  water  remaining  around  the 
mouth  of  it,  by  which  the  gas  is  confined.  When  we  wish 
to  expel  the  gas,  the  stop-cock  at  D is  closed,  that  at  E is 
opened,  a flexible  tube  is  adapted  to  it,  and  the  gas  holder 
being  pressed  down,  either  by  the  hand,  or  by  its  own 
weight  from  the  removal  of  the  counterpoising  weights,  a 
stream  of  gas  issues  from  the  extremity  of  the  flexible  tube, 
and  may  be  ti’ansferred  into  ajar,  or  be  applied  to  any 
other  purpose  j and  its  quantity  may  be  measured  by  the 
instrument  being  graduated  by  a scale  marked  on  the  brasg 
rod  F. 

The  instrument  connected  with  the  gazometer  in  the 
plate,  Fig.  49,  is  a convenient  one  for  procuring  gases 
from  any  solid  substance,  by  a strong  heat.  It  is  an  iron 
bottle  A,  into  which  is  fitted,  by  grinding,  a tube  bent  at 
an  acute  angle.  To  this  a smaller  tube  is  adapted,  the 
extremity  of  which  can  be  adapted  to  various  heights,  by 
a circular  joint  in  the  middle  of  it,  at  6.  The  bottle  con- 
taining the  materials  from  which  the  elastic  fluid  is  to  be 
disengaged  is  placed  in  a furnace,  or  in  a common  fire. 
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80  as  to  be  raised  to  a sufficient  heat,  the  gas  issues  at  the 
extremity,  and  may  be  conveyed  into  the  gazometer,  or 
received  in  an  inverted  jar  on  the  shelf  of  the  pneumatic 
trough.  At  the  end  of  the  operation,  the  gas  ceasing  to 
be  produced,  as  the  heat  diminished,  the  water  would  rise 
in  the  tube,  and  might  pass  into  the  bottle.  The  easiest 
way  of  obviating  this,  is  by  having  a small  stop-cock  in 
the  tube  as  at  c,  which  may  be  opened  when  the  produc- 
tion of  the  gas  has  ceased. 

When  a gas  is  extricated,  in  consequence  of  chemical 
action,  with  the  application  only  of  a moderate  heat,  the 
flask  or  cucurbit,  with  a bent  tube  ground  to  it.  Fig.  45, 
is  the  most  convenient. 

In  all  accurate  experiments  on  gases,  it  is  of  importance 
that  the  quantities  should  be  deiermined  with  precision. 
The  absolute  quantity  is  best  determined  by  introducing 
the  gas  into  an  exhausted  flask  of  known  capacity,  and 
weighing  it  in  a delicate  balance.  The  specific  gravity  is 
found  reduced  to  atmospheric  air,  by  comparing  the  weight 
with  the  weight  of  atmospheric  air  introduced  into  the 
same  vessel  previously  exhausted;  and  the  weight  of  100 
cubic  inches  of  atmospheric  air,  under  a mean  pressure 
and  temperature,  being  31  grains,  the  weight  of  JOO  cubic 
inches  of  the  gas  submitted  to  experiment  may  be  thus 
found  ; that  is,  as  the  weight  of  the  air  in  the  flask  is  to 
31,  so  is  the  weight  of  the  gas  in  the  flask  to  the  weight 
of  100  cubic  inches  of  it. 

To  weigh  the  gases  requires,  however,  a very  delicate 
and  complicated  apparatus  : chemists  estimate,  therefore, 
usually,  their  volumes,  and  find  their  weights  by  a refe- 
rence to  the  tables  of  their  specific  gravities,  which  have 
been  constructed.  Hence  jars  graduated  into  cubic  inches 
and  tenths  are  convenient,  as  are  also,  in  other  cases, 
jars  graduated  into  equal  arbitrary  parts,  to  determine 
relative  results.  In  thus  estimating  the  weights  of  gases 
from  their  volumes,  several  circumstances  require  to  be 
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attended  to,  particularly  the  temperature  and  the  pressure. 
Elastic  fluids  being  so  expansible,  a considerable  change 
in  their  specific  gravity  is  made,  by  a trivial  alteration  of 
temperature.  The  standard  temperature  of  54.5  of  Fah- 
renheit is  assumed  as  that  at  which  the  specific  gravities 
of  the  gases  are  ascertained,  and  if  their  temperatures  are 
different  from  this,  the  due  correction  is  to  be  made.  The 
following  is  the  formula.  Aeriform  fluids  are  expanded 
, ^ of  volume  by  each  degree  of  elevation  of  temperature, 
according  to  Fahrenheit’s  scale.  Divide  therefore  the 
observed  volume  of  gas  by  480,  and  multiply  the  quotient 
by  the  number  of  degrees  at  which  the  temperature  of  the 
gas  is  either  above  or  below  54.5  of  Fahrenheit.  Ihe 
correction  is  negative  when  the  actual  temperature  is  above 
the  standard,  and  positive  when  it  is  below  it.  In  the  for- 
mer case,  therefore,  the  product  of  the  multiplication  is  to 
be  subtracted  from  the  observed  volume  ; in  the  latter  it 
is  to  be  added  to  it,  to  give  the  real  volume  *. 

The  other  correction  that  may  be  requisite  is,  any  vary- 
ing pressure,  whether  of  the  atmosphere,  or  of  any  fluid 
in  which  the  vessel  containing  the  gas  may  be  more  or 
less  immersed.  The  weight  of  the  gases  is  fixed  at  the 
mean  barometrical  pressure'29.85  inches  of  mercury  ; and 
if  the  atmospheric  pressure  be  different  from  this,  the  cor- 
rection must  be  made  to  bring  it  to  the  standard.  The 
volume  of  all  elastic  fluids  is  in  the  inverse  ratio  of  the 


* The  above  formula  is  that  given  by  Lavoisier,  substituting 
only  for  as  the  expansion  of  the  gas.  It  is  not,  how- 

ever, perfectly  correct  in  reducing  from  a higher  to  a lower 
temperature,  for  the  volume  in  the  higher  temperature  is  great- 
er than  that  at  the  lower,  and  therefore  the  part  in  the 
one  is  different  from  that  in  the  other.  As  the  correction, 
however,  seldom  extends  to  an  interval  of  temperature  more 
than  10  degrees,  the  error  is  so  trivial  that  it  may  be  neglect- 
ed. 
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weiglit  compressing  them.  As  the  mean  barometrical 
pressure,  therefore,  is  to  the  actual  pressure,  so  is  the  ob- 
served volume  to  the  volume  at  the  mean  pressure.  If, 
for  example,  the  observed  volume  of  a gas  at  the  standard 
temperature  .54. 5 is  1 00  cubic  inches,  the  barometer  being 
at  SO.y?,  to  determine  what  volume  it  would  occupy  at 
the  mean  barometrical  pressure  29.85,  let  x represent  the 
unknown  volume;  then  JOO  : x inversely,  as  30.37  : 29.85, 
or  directly,  29.85  : 30.37  ::  100  : x=  10  i. 741  ; or  the  gas, 
which  at  30.37  barometrical  altitude  occupies  100  cubic 
inches  of  volume,  will  at  29.85  occupy  101.741.  The 
simple  formula  therefore  is,  multiply  the  real  pressure  un- 
der which  the  gas  is,  by  the  volume  of  the  gas:  divide  the 
product  by  the  mean  barometrical  pressure,  and  the  quo- 
tient is  the  volume  under  that  pressure. 

Another  correction  which  may  be  requisite  is,  t/iai  from 
the  pressure  of  the  fluid  surrounding  the  mouth  of  a jar 
containing  air.  If  a jar  containing  air  stand  on  the  shelf 
of  the  pneumatic  trough,  and  if  the  water,  without  and 
within  the  jar,  be  at  the  same  level,  it  is  obvious  that  the 
pressure  is  equal,  and  is  merely  that  of  the  external  at- 
mosphere; but  if  it  be  surrounded  without  with  water,  to 
n greater  height  than  that  within,  there  is  this  additional 
pressure  to  that  of  the  atmosphere  on  the  included  air  ; 
and  if  it  were  surrounded  w’ith  quicksilver,  as  the  weight 
of  this  is  so  much  greater,  the  pressure  must  be  more 
considerable  : Or  if  the  jar  w ere  only  Iths  filled  with  air, 
the  other  fourth  being  filled  with  water  or  quicksilver,  it 
is  obvious,  that  this  counteracts  the  pressure  of  the  at- 
mosphere on  the  gas  included,  and  that  the  real  pressure 
to  which  it  is  subjected  is  the  atmospheric  pressure  minus 
the  weight  of  the  column,  whether  water  or  quicksilver, 
within  the  jar,  which  of  course  must  be  allowed  for.  The 
most  convenient  mode  is  to  bring  the  fluid  within  and 
without  the  vessel  to  the  same  height ; but  this  is  not  al- 
ways practicable. 
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The  following  is  the  manner  in  which  this  is  corrected, 
and  the  apparent  volume  brought  to  the  real  volume  under 
a given  pressure.  When  quicksilver  is  the  fluid,  measure 
the  height  of  the  column  of  it  within  the  cylindrical  jar, 
and  subtract  this  from  the  observed  barometrical  pressure. 
Suppose  that  the  height  ot'  the  column  of  quicksilver  is  six 
inches,  and  that  the  barometer  is  at  30,  this  gives  24  as 
the  real  pressure  under  which  the  gas  in  the  jar  is.  Mea- 
sure the  volume  it  occupies,  which  suppose  to  be  100  cubic 
inches.  Then  x representing  the  unknown  volume,  100  : 
X inversely,  as  24  ; 30,  or  directly  30  : 24  : : 100  : x~S0 
cubic  inches,  the  volume  of  the  gas  when  the  barometer 
stands  at  SO.  The  simple  formula  therefore  is,  subtract 
the  height  of  the  column  of  quicksilver  in  the  jar  from  the 
atmospheric  pressure,  as  indicated  by  the  barometer  j mul- 
tiply the  remainder  by  the  volume  of  gas ; divide  the  pro- 
duct by  the  real  barometrical  pressure,  and  the  quotient 
gives  the  volume  under  that  pressure.  Or,  if  the  division 
be  made  by  29.85,  the  mean  atmospheric  pressure,  this 
gives  at  once  the  volume  of  gas  under  that  pressure. 
Thus,  if  in  a cylindrical  tube  15  inches  long,  a quantity 
of  gas  occupy  a volume  of  seven  inches,  the  other  eight 
inches,  being  occupied  by  quicksilver,  subtract  the  height 
of  the  column  of  quicksilver  from  the  observed  atmos- 
pheric pressure ; suppose  this  to  be  30  inches,  this  leaves 
22,  which  is  the  real  pressure  under  which  the  gas  is. 
Multiply  this  by  7,  the  height  of  the  column  of  gas,  which 
gives  154.  Divide  this  by  the  real  barometrical  height 
30,  and  this  gives  5.1,  the  volume  of  the  gas  under  this 
pressure.  Or,  if  we  divide  by  28.85,  we  have  the  volume 
under  the  mean  barometrical  pressure. 

When  water  occupies  the  space  in  the  jar,  the  calcula- 
tion may  be  made  from  its  specific  gravity  compared  with 
that  of  quicksilver,  the  former  being  to  that  of  the  latter 
as  1 to  13.5;  the  depth  therefore  of  13-^  inches  of  water 
will  reduce  the  volume  of  gas  the  same  as  an  inch  of  mer- 
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' cury  does ; or  an  inch  of  water  is  equal  in  pressure  to 
.0737  of  an  inch  of  quicksilver.  The  following  short  ta- 
ble is  convenient  lor  converting  at  once  the  observed 
heights  of  water,  expressed  in  inches  and  decimals,  to  cor- 
responding heights  of  mercury. 


Water. 

Mercury. 

.1 

.00737 

.2 

.01474 

*3 

.02201 

.4 

.02<)48 

.5 

.03685 

.6 

.04422 

.7 

.05159 

.8 

.05896 

.9 

.06633 

1. 

.07370 

2. 

.14740 

3. 

.22010 

Water. 

Mercury. 

4. 

.29480 

5. 

.36851 

6. 

.44221 

7. 

.51591 

8. 

.58961 

9. 

.66332 

10. 

•73702 

11. 

.81072 

12. 

.88442 

13. 

.96812 

14.  1 

1.04182 

15.  i 

1 11525 

OF  IGNITION. 

The  effects  arising  from  the  operation  of  Caloric,  hither- 
to considered, — Expansion,  Fluidity  and  Vaporisation,  are 
so  far  connected,  tliat  they  appear  as  different  degrees  of 
one  more  general  effect,  — the  increase  which  it  occasions 
in  the  distances  of  the  jiarticles  of  bodies.  Ignition  can- 
not be  referred  to  this  cause,  and  is  therefore  an  effect  of 
caloric,  having  no  apparent  connection  with  the  others. 

By  Ignition,  or  Incandescence,  is  meant  that  illumina- 
tion or  emission  of  light,  produced  in  bodies  by  exposing 
them  to  heat,  and  w-hich  is  not  accompanied  with  any 
other  chemical  change  in  them.  It  is  to  be  distinguished 
from  combustion,  a process  in  which  there  is  also  the 
emission  of  light  and  heat.  Combustion  is  the  result,  not 
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of  mere  increase  of  temperature,  but  of  the  chemical  ac- 
tion of  the  air,  or  of  a principle  which  the  air  contains  : 
a certain  class  of  substances,  denominated  Combustible, 
^ire  alone  susceptible  of  it;  and  when  the  process  has  ceas- 
ed, the  body  remains  no  longer  combustible.  Ignition  is  an 
effect  of  the  operation  of  caloric  alone  ; it  is  independent 
of  the  air,  for  by  immersing  any  body  in  melted  glass,  it 
is  rendered  luminous  ; all  bodies,  at  least  all  solid  and  li- 
quid substances,  are  susceptible  of  it ; and  if  it  has  ceased 
from  reduction  of  temperature,  it  may  be  renewed  by  the 
temperature  being  raised. 

The  temperature  at  which  the  first  stage  of  ignition 
takes  place,  or  at  which,  in  common  language,  bodies  ar- 
rive at  a red  heat,  appears  to  be  the  same  in  all.  Mr 
Wedgwood  gilded  lines  running  across  apiece  of  earthen 
ware,  and  luted  it  to  the  end  of  a tube,  which  was  placed  . 
in  a heated  crucible  ; the  eye  being  applied  to  the  other 
extremity  of  the  tube,  no  difference  of  time  could  be  per- 
ceived in  either  the  gold  or  the  earthen  ware  beginning  to 
shine.  No  two  substances  can  be  more  dissimilar  ; and  it 
may  be  inferred,  that  all  bodies  become  red-hot  at  the 
same  temperature.  As  this  can  be  judged  of  only  by  the 
illumination,  it  must  appear  various,  according  to  circum- 
stances. In  a body,  which  in  the  dark  appears  at  a low 
red  heat,  the  illumination  will  not  be  visible  in  day-light. 
Sir  Isaac  Newton,  by  observing  the  celerity  with  which  a 
body  cools,  and  calculating  on  the  principle  which  has 
been  already  pointed  out  (p.  225,)  concluded,  that  igni- 
tion, visible  in  the  dark,  corresponds  with  635°  of  Fah- 
renheit’s scale  ; full  red  heat  with  752°  ; and  ignition  visi- 
ble in  day-light  with  above  1000°.  Dr  Irvine,  having 
found  that  quicksilver  boils  at  672°,  and  that  when  boiling 
it  does  not  appear  luminous  in  the  dark,  it  followed,  that 
the  point  of  ignition  must  be  higher  than  Newton  had 
supposed  it  to  be.  He  had  farther  found,  that  when  equal 
hulks  of  iron  and  water,  at  different  temperatures,  arc 
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mixed  together,  the  resulting  temperature  is  nearly  the 
meatiy  and  he  applied  this  method  to  determine  the  point 
of  ignition  : the  result  is  not  precisely  known  ; but  the  heat 
of  a common  coal  fire  he  found  to  be  790°  or  796°  *.  Mr 
Wedgwood,  by  the  expansion  of  the  piece  of  silver,  mea- 
sured by  a gage  of  baked  clay,  by  which  he  endeavoured 
to  connect  his  thermometer  with  that  of  Fahrenheit’s,  as 
has  been  already  explained,  fixed  the  point  of  ignition  vi- 
sible in  the  dark  at  — 1 of  his  scale,  corresponding  w’ith 
947°  of  Fahrenheit ; and  ignition,  in  day-light,  he  placed 
at  the  commencement  of  his  scale,  or  1077°.  This,  it  has 
already  been  remarked,  there  is  reason  to  believe,  is  too 
high;  and  independent  of  other  circumstances  it  is  proba- 
ble that  the  silver  would  suffer  an  increasing  expansion, 
which  would  cause  the  temperature  to  appear  higher  than 
it  actually  was.  The  lowest  point  of  ignition  is  probably 
not  far  from  800°  of  Fahrenheit.  , 

By  raising  the  temperature,  the  illumination  becomes 
brighter,  and  the  red  heat  acquires  a mixture  of  yellow 
rays.  At  length,  by  increasing  the  heat,  we  have  the  due 
proportion  of  coloured  rays,  which  forms  perfectly  white 
light.  This  is  the  highest  state  of  ignition,  any  farther 
rise  of  temperature  producing  no  apparent  change. 

Ignition  continues  undiminished,  as  long  as  the  tempera- 
ture is  kept  up,  unless  the  heat  be  such  as  to  volatilize  or 
alter  the  constitution  of  the  ignited  bod}’. 

The  aeriform  fluids  are  not  brought  into  a state  of  il- 
lumination by  heat.  This  was  observed  by  Dr  Fordyce, 
in  the  example  of  the  vapour,  at  the  end  of  the  flame  of 
a blow  pipe,  which  though  itself  not  visibly  luminous  at 
its  extremity,  will,  if  applied  to  glass,  raise  it  to  a white 
heat  f.  The  fact  was  afterwards  established  by  Mr  Wedg- 
wood. Air  was  passed  through  an  earthen  tube,  in  a state 


* Chemical  Essays,  p.  33. 
f Philosophical  Transactions,  vol.  Ixvi,  p.  504. 
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i of  ignition,  and  was  conducted  into  a globular  vessel,  from 
which,  by  an  opening  in  the  top,  it  was  allowed  to  escape; 
while,  by  another  opening  in  the  side,  closed  by  a piece 
of  glass,  the  eye  could  be  directed  into  the  inside  of  the 
globe.  On  looking  into  it,  the  air  whicli  had  passed 
through  the  ignited  tube  was  not  luminous  ; but  if  a solid 
body,  as  a piece  of  gold,  was  suspended  in  it,  this  became 
luminous  *.  This  is  probably  owing  to  the  tenuity  of  ae- 
riform fluids,  whence  they  present  too  few  points  in  a 
given  space  to  project  a quantity  of  light  sufficient  to  ex- 
cite vision,  though  their  particles  may  individually  be  in 
a state  of  ignition. 

The  phenomena  of  ignition  are  produced,  not  only  by 
heat,  but  likewise  by  percussion  and  attrition.  When  a 
piece  of  steel  is  struck  against  a flint,  small  particles  of  the 
metal  are  detached,  which  are  at  a red  heat.  Or  if  hard 
minerals  be  made  to  rub  strongly  against  each  other,  they 
give  out  light.  Thus,  by  applying  quartz  or  agate  to  the 
circumference  of  a wheel  of  fine  grit,  revolving  at  a mo- 
derate rate,  Mr  Wedgwood  observed,  that  the  substance 
applied  became  brightly  red,  at  the  touching  part ; if  the 
wheel  revolved  at  a quicker  rate,  the  part  in  contact  emit- 
ted a pure  white  light ; and  in  both  cases,  glowing  sparks 
were  emitted,  some  of  which  were  not  extinguished  before 
they  had  passed  a foot  through  the  air.  They  exploded 
gunpowder  and  inflammable  air,  and  burnt  the  skin,  a suf- 
ficient proof  that  they  were  not  merely  luminous  or  phos- 
phorescent, but  ignited,  or  at  a red  heat.  In  the  same 
mode,  glass  and  porcelain  were  raised  to  a red  heat.  ■ 
These  appearances  from  attrition  are  probably  to  be  as- 
cribed to  the  heat  which  is  excited  rising  sufficiently  f-igli 
to  extricate  their  light,  as  the  same  bodie>  become  lumi- 
nous when  directly  heated,  and  as  the  same  appearances 
are  not  produced  in  substances  which  are  soft,  these  not 
having  their  temperature  raised  by  attrition  f. 


* Philosophical  Transactioos,  i792. 


t Ibid.  p.  39. 
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Ignition  is  sometimes  produced  by  the  temperature  be- 
ing raised  sufficiently  high  by  chemical  action  to  excite  it, 
as  in  the  affusion  of  concentrated  acids,  such  as  the  sul- 
phuric on  dry  earths,  as  magnesia,  or  even  in  the  slaking  of 
lime  highly  calcined. 

On  the  cause  of  ignition  different  opinions  have  been 
entertained.  Those  who  suppose  light  and  caloric  to  be 
modifications  of  the  same  substance,  and  to  be  mutually 
convertible,  regard  the  phenomena  of  ignition  as  arising 
from  the  conversion  of  caloric  into  light, — an  hypothesis, 
as  1 shall  afterwards  have  to  shew,  which  is  improbable. 
Others  have  supposed,  that  the  light  extricated  is  a con- 
stituent principle  of  the  ignited  body,  and  is  expelled  by 
the  repulsive  agency  of  caloric.  The  objection  to  this  is, 
that,  admitting  light  to  exist  in  incombustible  bodies,  it 
must  be  contained  in  them  in  limited  quantity,  and  there- 
fore its  emission  in  ignition  should  diminish,  and  at  length 
cease.  Perhaps  it  is  necessary  to  separate  the  causes  by 
which  ignition  is  effected,  in  the  consideration  of  its  theo- 
ry. When  it  is  excited  by  communication  with  a hot 
body,  it  probably  receives  from  that  body  the  light  as 
well  as  the  caloric.  Thus,  if  placed  amid  burning  fuel, 
both  light  and  caloric  are  evolved  from  the  combustion  ; 
the  ignited  body  is  penetrated  with  caloric,  which  it  gives 
out ; it  is  equally  exposed  to  the  light  from  the  combus- 
tion, may  receive  it,  and  throw  it  off  from  its  surface : 
and  even  when  removed  from  the  fuel,  it  will  continue  to 
emit  both.  The  experiment  of  Wedgwood,  in  which  ig- 
nition w'as  excited  by  applying  to  the  body  a stream  of  air 
highly  heated,  but  not  luminous,  may  be  supposed  adverse 
to  this  explanation  ; but  it  is  easily  reconciled  with  it,  as 
the  heated  air,  though  not  luminous  from  the  cause  al- 
ready stated,  its  great  tenuity,  may  still  have  conveyed 
light.  With  regard  to  the  production  of  ignition  by  at- 
trition, the  same  difficulty  will  be  found  in  accounting  for 
the  evolution  of  caloric  as  for  the  evolution  of  light.  It  iS 
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not  proved  that  ignition  can  in  this  case  be  kept  up  for 
an  indefinite  time,  as  it  can  by  communication  with  mat- 
ter in  a state  ot  combustion  ; and  the  light  wliicli  does  ap- 
pear may  be  the  light  contained  in  the  body,*  expelled  by 
the  high  temperature  which  the  friction  or  percussion  ex- 
cites. At  the  same  time,  it  is  to  be  remarked,  that  with 
legal d to  the  excitation  of  all  these  subtle  principles  or 
forces,  caloric,  light  and  electricity,  there  are  difficulties 
Gf  which  the  present  state  of  our  knowledge  probably  does 
not  enable  us  to  give  a satisfactory  solution. 


The  effects  of  caloric  in  causing  chemical  combinations 
and  decompositions  have  been  explained  under  the  doc- 
trines of  Chemical  Attraction  ; they  cannot  indeed  be  con- 
sidered as  a primary  result  of  its  operation,  but  as  arising 
from  the  expansion  it  occasions;  which,  by  Weakening 
the  attraction  of  cohesion,  in  some  cases  favours  combi- 
nation j and  in  others,  by  increasing  elasticity,  counteracts 
it,  and  acting  unequally  on  the  elements  of  a compound, 
separates  them  from  each  other,  or  gives  rise  to  decompo- 
sition. 
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Sect.  III. — Of  the  Communication  and  Diffusion  of 

Caloric. 

Caloric  has  an  invariable  tendency  to  diffuse  itself  over 
matter,  so  as  to  establish  uniformity  of  temperature.  Hence 
when  bodies  at  different  temperatures  are  placed  in  con- 
tact, either  directly,  or  by  the  medium  of  some  other  sub- 
stance, those  which  are  at  a higher  temperature  part  with 
caloric  to  those  which  are  at  a lower ; and  this  recipro- 
cal emission  and  absorption  continue  until  a common 
temperature  is  formed.  It  is  impossible  to  preserve  a bo- 
dy highly  heated  in  that  state ; however  we  may  place  it, 
it  will,  when  removed  from  the  source  of  caloric,  begin  to 
give  out  the  heat  it  had  received,  and  will  continue  to  do 
so  until  it  is  at  the  same  temperature  with  those  around 
it : Or  if  a body  has  been  rendered  intensely  cold,  it  is 
equally  impossible  to  preserve  it  so ; it  will  imbibe  caloric 
from  the  surrounding  matter,  until  it  has  attained  an  e- 
quality  of  temperature. 

This  tendency  of  caloric  to  an  equilibrium  of  tempera- 
ture seems  in  a great  measure  to  arise  from  its  repulsive 
power.  When  a hot  body  is  placed  among  others  that 
are  colder,  the  excess  of  heat  in  the  former  leaves  it,  not 
so  much  from  any  attraction  exerted  to  it  by  the  other  bo- 
dies, as  from  the  tendency  of  caloric  to  exist  every  where 
in  what  has  been  termed  an  equality  of  tension  or  repul- 
sion. The  proof  of  this  is,  that  a body  at  a high  tempe- 
rature, placed  in  the  Torricellian  vacuum,  suffers  reduc- 
tion of  temperature,  the  caloric  emanating  until  it  arrive 
at  an  equilibrium  with  that  in  the  surrounding  bodies. 
Yet  the  distribution  ot  caloric  cannot  be  ascribed  entirely 
to  this  cause;  for  were  it  retained  in  bodies  only  by  the 
resistance  opposed  to  its  escape,  from  the  equality  of  ten- 
sion in  which  it  exists  at  the  same  time  in  the  surround- 
ing matter,  it  ought  to  escape  from,  or  enter  different  bo- 


OF  CALORIC. 


S07 


dies,  when  at  the  same  temperature,  and  exposed  In  the 
same  medium,  with  equal  celerity.  This  is  not  the  case. 
Different  bodies  at  the  same  temperature  are  cooled  with 
different  degrees  of  celerity,  and  different  media  accelerate 
heating  and  cooling  in  bodies  placed  in  them  in  very  dif- 
ferent degrees.  A body  at  a high  temperature  will  be 
cooled  more  quickly  if  plunged  in  water  than  if  susj)ended 
in  atmospheric  air,  and  still  more  so  in  quicksilver  than 
in  water  : or  if  at  a low  temperature,  it  will  be  heated 
faster  in  the  quicksilver  than  in  the  water,  and  in  the  wa- 
ter than  in  the  atmospheric  air,  though  the  temperatures 
of  all  these  may  have  been  previously  the  same.  It  will 
also  cool  more  quickly  when  surrounded  with  any  mate- 
rial medium,  than  when  it  is  placed  in  a vacuum. 

From  an  attentive  examination  of  these  phenomena,  it 
has  been  discovered,  that  this  propagation  of  caloric  over 
matter  takes  place  in  two  modes.  Of  the  caloric  emanat- 
ed from  a body  at  a high  temperature,  part  appears  to  be 
projected  from  its  surface  in  right  lines  with  great  veloci- 
ty ; and  another  portion  is  communicated  more  slowly  to 
the  matter  which  is  in  contact  with  it,  is  conducted  through 
that  matter  from  one  particle  to  another,  and  is  given  in 
like  manner  from  it  to  other  bodies,  with  a celerity  greater 
or  less,  but  always  comparatively  moderate.  The  former 
is  little  if  at  ail  dependent  on  the  nature  of  the  surround- 
ing medium,  at  least  if  it  be  an  elastic  one,  while  the  latter 
is  materially  influenced  by  it.  The  distribution  of  caloric 
may  be  considered  under  these  two  modes-  of  Radiation 
and  of  Slow  Communication. 
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1,  OF  THE  SLOW  COMMUNICATION  OF  CALORIC. 

Caloric  communicated  to  a mass  of  matter  diffuses 
itself  through  it  equally,  so  as  to  establish  ultimately 
uniformity  of  temperature.  And  in  a solid  body  this  dif- 
fusion takes  place  by  the  direct  communication  from  one 
portion  to  another.  The  effect  depends  on  the  tendency 
of  this  power  to  exist  in  a state  of  equilibrium,  and  hence 
it  is  immediately  dependent  on  inequality  of  temperature. 
The  part  of  the  solid  receiving  heat  has  its  temperature 
raised  ; in  consequence  of  this,  it  communicates  a portion 
of  its  excess  to  the  contiguous  part ; this  from  the  same 
cause  yields  a portion  to  the  next,  and  thus  losing  part 
of  its  excess,  it  again  receives  a portion  from  the  first. 
In  this  manner  each  contiguous  part  receives  heat  from 
the  former  in  a decreasing  series,  and  it  is  only  if  the 
heat  is  confined  at  the  surface,  that  a common  tempera- 
ture is  ultimately  established.  If  it  is  allowed  to  escape 
freely,  no  common  temperature  will  be  formed;  and  if 
the  communication  preserve  a due  proportion  to  the  es- 
cape, the  temperature  at  the  extremity  may  never  even 
rise. 

This  diffusion  of  caloric  through  a solid  body  is  best : 
illustrated  by  observing  the  transmission  of  temperature  ‘ 
through  a rod  having  thermometers  placed  at  regular  in*  ■ 
tervals,  and  receiving  heat  at  one  extremity.  The  expe-  • 
riment  was  made  with  accuracy  by  Biot.  He  employed  I 
a bar  of  iron  22  decimetres  (about  7 feet)  in  length,  and 
3 centimetres  (about  i4-  inch)  in  breadth,  bent  at  one  ex- 
tremity, so  that  this  could  be  immersed  in  a medium  af-  • 
fording  a constant  source  of  heat , holes  were  placed  at  t 
equal  distances  in  the  bar,  in  which  the  bulbs  of  thermo-  ■ 
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meters  were  inserted,  immersed  in  quicksilver  ; and  heat 
was  applied  to  the  bent  extremity  by  immersion  in  quick- 
silver kept  at  a constant  elevated  temperature.  Finding 
in  his  first  trials,  that  the  heat  was  diffused  much  less  ra- 
pidly than  he  had  expected,  he  placed  the  thermometers, 
by  means  of  proper  cavities,  at  the  distance  of  one  de- 
cimetre from  each  other,  commencing  at  that  end  of  the 
bar  to  which  the  heat  was  applied.  The  quicksilver  in 
which  this  was  immersed  was  kept  at  the  temperature  of 
82  of  Reaumur  (216  of  Fahrenheit,)  for  five  hours.  At 
the  end  of  four  hours  the  thermometers  had  become  sta- 
tionary ; they  were  allowed  to  continue  so  for  an  hour, 
and  then  the  temperatures  were  taken.  The  temperature 
of  the  first  was  23.5  (Reaumur,)  of  the  second  14-,  the 
third  9,  the  fourth  5.75,  the  fifth  3.75,  the  sixth  1.75, 
the  seventh  1,  this  last  being  distant  from  the  surface  of 
the  heated  quicksilver  10  decimetres.  The  thermometer 
beyond  it  was  never  sensibly  affected,  and  hence  more 
than  half  the  rod  remained  without  any  rise  of  tempera- 
ture ; nor  could  the  extremity  of  it  be  possibly  affected, 
as  the  heat  necessary  for  that  purpose  at  the  commence- 
ment would  have  been  more  than  sufficient  to  melt  the 
iron  *. 

These  results  give  the  temperatures  in  geometrical  pro- 
gression nearly,  taking  the  distances  in  arithmetical  pro- 
gression, any  deviation  from  this  being  inconsiderable, 
and  not  greater  than  what  may  be  allowed  for  errors  in 
the  experiment. 

The  diffusion  of  heat  through  a body  will  be  equally 
produced  in  another  mode, — that  of  reducing  the  tempe- 
rature at  one  extremity.  The  portion  cooled  receives,  in 
consequence  of  this,  caloric  from  that  which  is  contiguous 
to  it ; this  losing  a portion  of  its  heat,  receives  for  the  same 


* Journal  des  Mines,  t.  xvii,  p.  203, 
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reason  a portion  from  the  next,  in  consequence  of  which,' 
its  temperature  still  remains  superior  to  that  of  the  first, 
and  it  thus  yields  a portion  of  caloric  to  it,  while  by  do- 
ing so  it  is  equally  disposed  to  receive  caloric  from  the 
other.  A series  is  thus  established,  each  part  yielding  and 
receiving  caloric  with  a decreasing  temperature  through 
the  whole. 

If  the  escape  of  heat  is  prevented,  then  a state  of  equi- 
librium will  at  length  be  attained.  The  part  from  which 
the  caloric  does  not  escape,  will  still  continue  to  receive 
caloric  from  the  contiguous  portion,  as  long  as  the  tem- 
perature of  the  latter  is  superior  to  that  of  the  other;  the 
communication  will  cease  only  when  the  temperature  is 
the  same,  and  from  tlie  same  cause  this  will  be  the  case 
through  every  part  of  the  mass,  and  a common  tempera- 
ture must  in  consequence  be  established  *. 

In  this  diffusion  of  caloric,  the  higher  the  heat  com- 
municated, or  the  greater  the  cold  applied,  the  diffusion 
will  be  more  rapid,  as  the  difference  of  temperature  on 
which  it  depends  will  be  greater. 

In  the  communication  of  heat  from  one  body  to  ano- 
ther, the  same  law  prevails  as  in  its  distribution  from  one 
portion  of  a body  to  another  portion,— that  is,  the  com- 
munication depends  entirely  on  inequality  of  tempera- 
ture, and  will  continue  until  a common  temperature  is 
formed.  But  in  different  bodies  the  celerity  of  commu- 
nicahon  and  distribution  is  very  various.  Some  bodies 
icccive  caloric  quickly  from  others,  convey  it  quickly 
through  their  mass,  and  yield  it  quickly  to  others,  while 
other  bodies  do  so  much  more  slowly.  The  property  in 
bodies  on  which  this  depends  is  named  their  conductino- 


* These  laws  with  regard  to  the  diffusion  of  heat,  have 
been  well  illustrated  by  Mr  Playfair.  (Edinburgh  Philosophi- 
cal Transactions,  vol.  vi,  p.  255.) 
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power  with  regard  to  heat : those  which  receive,  convey, 
Ld  communicate  it  quickly,  being  considered  better  con- 
ductors than  those  in  which  these  changes  take  place  with 

less  celerity. 

The  difference  in  this  respect  is  very  apparent  in  diffe- 
rent bodies.  If  a rod  of  iron  and  a rod  of  glass  be  held 
in  the  hand,  the  extremity  of  each  being  put  into  a com- 
mon fire,  the  heat  will  pass  so  quickly  through  the  iron 
rod,  that  the  hand  will  soon  be  unable  to  retain  it ; while 
the  'criass  rod  may  be  held  for  any  length  of  time.  Or  an 
earthen  vessel,  containing  water,  nearly  boding  hot,  may 
be  easily  held  in  the  hand,  while  a metallic  vessel,  con- 
taining water,  at  the  same  temperature,  can  scarcely  be 

touched. 

In  general,  dense  bodies  are  the  best  conductors  of  ca- 
loric *,  and  those  which  are  more  rare  and  spongy,  con- 
duct it  imperfectly.  The  metals,  which  are  the  substances 
of  greatest  density,  are  those  which  transmit  it  most  ra- 
pidly ; earthy  substances  conduct  it  more  slowly  •,  wood 
is  a very  imperfect  conductor,  and  the  spongy  materials 
which  form  the  covering  of  animals,  hair,  lur,  feathers, 
&c.  are  inferior  to  every  other  solid  matter  in  their  con- 
ducting power.  Even  the  same  kind  of  matter,  in  its  dif- 
ferent states  of  aggregation,  differs  in  this  property  ; -an 
iron  bar,  or  an  iron  plate,  is  a better  conductor  than  iron- 
filings,  and  saw-dust  is  a worse  conductor  than  wood. 

Richman  made  some  experiments  on  the  conducting 
power  of  various  metals,  with  the  view  of  discovering 
whether  any  relation  could  be  traced  between  it  and  some 
other  properties  of  bodies,  with  which  it  had  been  sup- 
posed to  be  connected.  He  inclosed  the  bulb  of  a ther- 
mometer in  similar  hollow  balls  of  the  metals,  which  were 
plunged  into  boiling  water,  until  the  thermometer  in  each 
rose  to  the  same  point.  They  were  then  removed,  and 
exposed  to  the  atmosphere,  and  the  time  whidi  elapsed 
while  the  inclosed  thermometer  cooled  a certain  number 
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of  degrees,  was  marked  : the  relative  conducting  power 
was  ascertained  by  the  times  of  cooling.  Brass  and  cop, 
per  appeared  to  have  the  greatest  power  of  retaining  ca- 
loric,  and  were  equal  to  each  other ; next  to  these  was 
iron;  then  tin;  and  lead  appeared,  to  use  Richman’s 
phrase,  to  have  the  least  power  of  retaining  heat,  the  de- 
' crements  of  temperature  in  all  of  them  being  in  the  fol- 
lowing proportions;  brass  10;  copper  10;  iron  11;  tin 
17;  lead  25.  With  regard  to  the  general  object  of  his 
experiments,  he  interred,  that  the  decrements  and  incre- 
ments of  temperature  in  these  bodies  are  not  in  the  in- 
verse ratio  of  their  density,  of  their  cohesion,  or  of  their 
hardness,  or  in  any  compound  ratio  of  these  *,  and,  of 
course,  can  be  discovered  only  by  experiment. 

Ingenhouz  employed  a different  mode  of  experiment. 
Selecting  wires  of  different  metals,  of  the  same  diameter, 
they  were  plunged  into  the  same  quantity  of  melted  wax* 
to  the  depth  of  eight  inches;  in  withdrawing  them,  each 
was  thus  covered  with  a coating  of  wax.  When  cold,  they 
were  plunged  into  heated  oil,  to  the  depth  of  about  two 
inches.  On  withdrawing  them,  the  length  of  wax-coating 
melted  shewed  the  extent  to  which  the  heat  had  penetrated 
the  metal,  and,  by  this,  their  relative  conducting  powers. 
Silver  he  found  to  be  the  best  conductor,  gold  held  the 
second  place,  tin  and  copper  were  next,  being  nearly  equal  ; 
next  to  these  were  plntinn,  steel,  iron,  and  lead,  which  did 
not  differ  much  ; lead,  however,  was  evidently  the  worst 
conductor  f.  It  appears  from  these  results,  that  although 
density  is  favourable  to  the  transmission  of  caloric  through 
bodies,  the  conducting  power  is  not  precisely  as  the  den- 
sity ; lead  and  platina,  which  are  heavier  than  copper  or 
tin,  being  less  perfect  conductors.  The  experiments  of 
Ingenhouz,  though  they  cannot  be  regarded  as  perfectly 


* Comment.  Petropol.  tom.  iv,  p.  241. 
t Journal  de  Physique,  tom.  xxxiv,  p.  68. 
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accurate,  are  superior  to  Rich  man’s,  as,  in  the  latter,  the 
1 discharge  of  caloric  by  radiation  is  not  separated  from  that 
[by  communication. 

No  accurate  experiments  have  been  made  on  mineral 
substances  as  to  their  conducting  powers.  Meyer  made 
' some  experiments  on  the  conducting  powers  of  different 
uvoods,  by  placing  the  bulb  of  a thermometer  in  perforated 
[balls  of  the  same  diameter,  filling  up  the  cavity  with  dust 
of  the  same  kind  of  wood,  and  exposing  the  balls  to  heat, 
until  the  thermometers  were  heated  to  the  same  point ; 
then  allowing  them  to  cool  suspended  in  the  atmosphere. 
The  conducting  power  of  elm  wood  estimated  in  this  way, 

I from  the  time  of  cooling,  being  stated^at  1000,  that  of  oak 
was  lOO.S,  of  pine  1152,  of  alder  11S2,  of  fir  1189,  of 
1 beech  987,  of  ash  946,  and  of  ebony  667  *. 

In  all  these  experiments,  however,  there  are  sources  of 
I fallacy,  although  the  results  may  in  a general  sense  be  just. 
The  communication  or  abstraction  of  caloric  by  radiation, 
has  not  been  sufficiently  distinguished  from  that  by  slow 
t communication ; and  due  attention  has  not  always  been  paid 
to  the  quantities  of  caloric  requisite  to  produce  changes  of 
temperature  in  different  bodies.  This  last  circumstance 
was  remarked  by  Humboldt,  who  has  given  a table  of  the 
conducting  powers  of  a number  of  bodies,  f Journal  dc 
Physique^  t.  xliii,  p.  306 :)  but  it  appears  to  be  so  inaccu- 
rate that  no  confidence  can  be  placed  in  it. 

Rumford,  with  the  view  of  discovering  the  relative  de- 
grees of  warmth  of  articles  of  clothing,  made  experiments 
on  the  substances  of  which  they  are  composed.  His  me- 
thod was,  to  suspend  a thermometer  in  a cylindrical  glass 
tube,  the  extremity  of  which  had  been  blown  to  a globe, 
inch  in  diameter,  the  bulb  of  the  thermometer  bein<r 
in  the  centre  of  the  globe.  It  was  then  surrounded  witli 


^ Annales  de  Chimie,  tom.  xxx,  p.  39. 
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the  substance;  and  the  instrument  was  heated  in  boiling  wa- 
ter, and  afterwards  being  plunged  into  a mixture  of  pound- 
ed ice  and  water,  the  times  of  cooling  were  observed  *.  The 
following  are  the  results  : the  number  of  seconds  bein^ 
marked,  during  which  the  thermometer  cooled  from  70* 
to  10°,  of  the  scale  of  Reaumur.  Air,  .576'';  raw  silk, 
1284-";  wool,  11J8";  cotton,  1046";  fine  lint,  1032"; 
beaver’s  fur,  1296";  hare’s  fur,  1315";  eiderdown,  1305". 
The  relative  conducting  powers,  being  inver&ely  as  the 
times  of  cooling,  hare’s  fur  and  eider  down  are  the  worst 
conductors,  lint  the  best.  The  experiment  was  repeated 
with  fine  powder  of  charcoal,  lamp  black,  and  pure  dry 
wood  ashes.  The  times  of  cooling  of  these,  through  the 
same  extent  of  the  therm ometrical  scale,  marked  in  se- 
conds, was  for  the  charcoal  937",  the  lamp-black  1171", 
and  the  wood- ashes  927". 

The  relative  conducting  powers  of  these  substances  ap- 
peared to  depend  on  the  quantities  of  air  inclosed  in  their 
interstices,  and  the  force  of  attraction  by  which  this  air  is 
retained  or  confined.  If  their  imperfect  conducting  power 
depended  on  thedifficulty  with  which  caloric  passes  through 
their  solid  matter,  the  relative  degree  of  that  power  would 
be  as  the  quantity  of  that  matter.  The  reverse,  however, 
is  the  case.  It  was  found,  that  by  varying  the  arrange- 
ment of  the  same  quantity  of  matter,  the  conducting  power 
was  varied.  The  thermometer  being  surrounded  with  16 
grains  of  raw  silk,  the  times  of  cooling  from  70®  to  10°  of 
Reaumur  amounted  to  1284-";  with  ravcllings  of  taffety 
16  grains,  1169";  and  with  sewing  silk  cut  16  grains, 
917".  Here  it  was  obvious,  that  the  more  dense  the  same 
matter  was,  or  the  less  air  it  contained,  diffused  through 
its  interstices,  the  caloric  passed  with  more  celerity.  It 
i.s  evident  also,  that  the  air  remaining  in  the  globe,  in  these 


Essays  by  Count  Rumford,  vol.  ii,  p.  428. 
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experiments,  if  the  motion  of  its  parts  had  not  been  im- 
peded, would  have  been  sufficient  of  itself  to  have  car- 
ried off  the  caloric  more  quickly  than  it  actually  was  ; for 
air  in  motion  conveys  changes  of  temperature  with  celeri- 
ty, and  hence  the  interposition  of  the  fibrous  matter 
must  have  acted  principally  by  retarding  the  motions  of 
the  included  air,  partly  also  probably  by  retarding  the 
discharging  of  heat  by  radiation.  The  former  effect  will 
be  in  a great  measure  proportionable  to  their  sponginess, 
and  to  the  force  of  attraction  with  which  the  air  is  retain- 
ed in  their  interstices.  That  such  an  attraction  exists,  is 
proved  by  the  force  with  which  they  retain  the  air,  which 
adheres  to  them  even  when  immersed  in  water,  or  exposed 
under  the  exhausted  receiver  of  the  air-pump.  It  is  to 
this  cause  principally,  that  the  property  which  all  porous 
bodies,  such  as  furs,  feathers,  wool  and  down,  have  of  re- 
tarding the  passage  of  caloric,  is  owing ; and  hence  they 
form  the  warnjest  articles  of  clothing.  On  this  also  de- 
pends the  imperfect  conducting  power  of  snow,  which,  in 
consequence  of  it,  serves  the  important  purpose  of  protect- 
ing vegetables  from  intense  cold. 

When  we  wish  to  confine  caloric,  we  avail  ourselves  of 
this  difference  in  conducting  power,  and  employ  substances 
w'hich  are  imperfect  conductors.  Thus  furnaces  are  coat- 
ed with  a mixture  of  clay  and  sand,  to  prevent  the  dissipa- 
tion of  heat.  To  exclude  caloric,  or  to  prevent  it  from 
being  communicated  to  a body  from  the  surrounding  me- 
dium, the  same  method  must  be  employed, — surrounding 
the  body  with  an  imperfect  conducting  substance.  On 
th  is  principle  ice-houses  are  constructed. 

From  the  difference  among  bodies,  in  their  power  of 
conducting  caloric,  arise  the  differences  in  the  sensations 
of  heat  and  cold,  which  they  excite  when  applied  to  our 
organs,  though  the  thermometer  shews  that  they  are  at 
the  same  temperature.  The  sensation  of  cold  is  produced 
by  whatever  abstracts  caloric  from  the  part  to  winch  it  has 
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been  applied  ; and  of  two  bodies  at  the  same  temperature, 
the  one,  which  is  the  best  conductor  of  caloric,  will  ab- 
stract it  most  rapidly,  and  therefore  occasion  a more  in- 
tense sensation  of  cold.  The  sensation  of  heat  is  produ- 
ced, when  caloric  is  communicated  to  the  sentient  part ; 
that  body,  which  is  the  best  conductor,  will  communicate 
a larger  quantity  in  a given  time,  and  therefore,  when  ap- 
plied hot,  will  excite  a greater  sensation  of  heat  than  an- 
other will  do  at  the  same  temperature,  which  is  a less  per- 
fect conductor.  Hence,  a piece  of  metal,  at  a low  tem- 
perature, feels  colder  than  a piece  of  wood,  though  their 
temperatures  are  proved  to  be  the  same  by  the  thermome- 
ter ; and,  on  the  contrary,  it  will  at  a high  temperature 
feel  hotter  than  the  other. 

The  preceding  observations  are  applicable  only  to  the 
conducting  power  of  substances  in  the  solid  form.  With 
regard  to  liquids,  the  mode  in  which  caloric  is  distributed 
through  their  substance,  so  as  to  establish  uniformity  of 
temperature,  is  in  part  different.  Besides,  the  communica- 
tion of  caloric  from  the  proper  conducting  power,  changes 
in  the  temperature  of  a liquid  are  influenced  by  the  mo- 
tions of  its  parts.  When  heated  it  is  expanded,  and  of 
course  has  its  specific  gravity  diminished  ; from  its  mo- 
bility, the  heated  portion  rises  to  the  surface  of  the  mass ; 
a new  portion  of  fluid  comes  in  contact  with  the  part  from 
which  caloric  is  communicated,  is  heated,  and  rises  in  its 
turn  ; and  thus  the  whole  portion  of  fluid  is  brought  suc- 
cessively into  contact  with  that  part;  and  these  motions 
must  continue,  as  long  as  caloric  continues  to  be  commu- 
nicated. In  both  these  modes,  caloric  was  conceived  to  be 
diffused  through  any  mass  of  liquid,  so  as  to  raise  its  tem- 
perature. It  was  also  supposed,  that  fluids  differ  in  their 
conducting  power,  and  experiments  were  instituted  to  as- 
certain these  differences. 

In  opposition  to  this  opinion,  Count  Rumford  advanced 
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the  doctrine,  that  caloric  is  diffused  over  any  mass  of  fluid 
in  one  of  these  modes  only,  — by  the  movement  and  suc- 
cessive application  of  the  fluid  to  the  surface  from  which 
the  caloric  is  communicated  j and  that  the  portion  heat- 
ed, imparts  none  of  its  caloric  to  the  rest  of  the  mass 
through  which  it  ascends. 

He  was  led  to  form  this  opinion,  from  several  observa- 
tions on  the  slowness  with  which  caloric  is  distril>uted 
through  a fluid,  when  the  motions  of  its  parts  are  impeded  ; 
and  on  the  rapid  movements  which  do  take  place  in  it,  when 
it  is  suffering  change  of  temperature  But  allowing  to  these 
observations  all  the  importance  which  Rumford  assigned 
to  them,  they  only  prove  what  was  never  doubted,  that  a 
liquid  must  have  its  temperature  raised  in  part  by  the  dif- 
ferent portions  of  it  coming  successively  into  contact  with 
the  surface  through  which  caloric  is  communicated  ; with- 
out proving,  that  the  liquid  is  heated  solely  in  this  mode. 

He  adduced  some  other  facts  to  establish  this,  and  to 
prove,  that  in  fluids  no  communication  of  caloric  from  par- 
ticle to  particle  takes  place.  His  experiments  on  this  sub- 
ject will  be  found  in  his  Essays : all  of  them  are  inconclu- 
sive. In  one  series,  it  was  shewn,  that  when  the  motions 
of  a fluid  are  impeded,  by  dissolving  in  it  any  substance 
which  renders  it  viscid,  or  by  intermixing  with  it  any  im- 
perfect conducting  solid,  thetransmissionof  caloric  through 
it  is  rendered  very  slow,  an  effect  which  might  well  happen 
from  the  obstacle  to  the  motions  of  the  liquid,  though  the 
communication  of  caloric  still'also  took  place.  In  another 
series  of  experiments,  it  is  attempted  to  be  proved,  that 
heat  is  not  conveyed  downwards  through  a fluid  ; and  had 
th  is  been  established,  the  opinion  would  have  been  demon- 
strated, since  a liquid,  if  capable  of  communicating  caloric 
from  particle  to  particle,  ought  to  convey  it  in  every  di- 
rection. But  these  experiments  are  equally  defective.  It 
was  shewn,  indeed,  that  caloric  is  conveyed  downwards 
very  slowly ; that  water,  for  example,  may  be  made  to  boil 
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in  the  upper  part  of  a tube,  without  that  at  the  bottom 
being  much  heated;  that  it  may  even  be  made  to  boil 
within  one- fourth  of  an  inch  of  ice  without  immediately 
melting  it  ; and  that  ice  fixed  at  the  bottom  of  a cylin- 
drical vessel,  with  warm  water  above  it,  is  melted  more 
than  eighty  times  slower  than  when  it  floats  on  the  surface 
of  the  water.  But  in  all  of  them,  either  the  arrangements 
are  obviously  such  as  to  diminish  any  effect  from  the  con- 
ducting power  of  the  fluid,  or  so  many  assumptions  are 
made  in  shewing  that  their  results  are  favourable  to  the 
non-conducting  power  of  liquids,  that  they  are  altogether 
unsatisfactory. 

In  opposition  to  the  opinion,  that  fluids  are  non-con- 
ductors of  caloric,  a number  of  experiments  have  been 
made,  by  which  its  fallacy  is  demonstrated. 

At  an  early  period.  Dr  Hope  made  some  experiments 
on  this  subject.  He  found,  that  on  applying  heat  to  the 
surface  of  water  in  a vessel  1 1 inches  in  diameter,  causing 
a stream  of  water  to  circulate  on  the  outer  side  of  the  ves- 
sel at  the  same  height  as  the  surface  of  the  liquid  within  to 
obviate  the  conducting  power  of  its  sides,  caloric  was  con- 
veyed downwards,  as  was  discovered  by  the  indications 
given  by  a thermometer  beneath  ; and  that,  on  mixing 
portions  of  hot  and  cold  water,  and  allowing  the  mixture, 
after  agitation,  to  remain  at  rest,  no  separation  took  place ; 
— results  both  of  them  inconsistent  with  Rumford’s  opi- 
nion *.  Dr  Thomson  likewise  found  that  caloric  was  con- 
veyed downwards  through  water  and  quicksilver  when 
heat  was  applied  to  their  surface  f.  Experiments  with  a 
similar  result  were  made  by  Mr  Nicolson  and  Mr  Dal- 
ton II.  1 had  also  found  that  a liquid  was  heated  downwards 


* Transactions  of  the  Royal  Society  of  Edin.  vol.  v,  p.  394-.» 
f Nicolson’s  Journal,  4to,  vol.  iv,  p.  529. 

4;  Ibid.  vol.  v,  p.  197. 
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when  a hot  body  was  placed  at  its  upper  surface,  even 
when  the  containing  vessel  was  surrounded  with  water  to 
obviate  its  conducting  power. 

Whatever  precaution,  however,  is  taken  to  obviate  the 
fallacy  from  this  last  circumstance,  we  can  scarcely  be  cer- 
tain that  it  is  entirely  removed.  Thus,  if  we  take  the 
most  effectual  mode,  that  of  surrounding  the  jar  external- 
ly with  water,  although  part  of  the  caloric  conveyed  down- 
wards by  the  sides  of  the  vessel  will  be  abstracted  by  this 
external  water,  yet  another  part  must  be  given  to  the  li- 
quid within  the  vessel,  and  may  accumulate  until  the  por- 
tion thus  heated  reach  the  thermometer ; nor  is  it  possi- 
ble to  determine  with  accuracy  what  proportions  of  the  ca- 
loric which  the  vessel  conveys  are  given  off  at  its  external, 
and  at  its  internal  surface,  so  as  to  make  due  allowance 
for  its  effect  in  the  experiment.  Any  other  precaution, 
too,  which  we  take  to  guard  against  this  source  of  inaccu- 
racy, such  as  employing  a wide  vessel,  or  interposing  a 
great  depth  of  fluid  between  the  thermometer  and  the 
body  communicating  caloric,  defeats  the  purpose  of  the 
experiment,  since  such  precautions,  while  they  lessen  the 
effect  from  the  communication  of  caloric  by  the  vessel, 
lessen  equally  the  effect  which  would  result  from  a con- 
ducting power  in  the  fluid,  if  it  do  possess  itj  and  there- 
fore it  must  remain  uncertain  to  what  the  diminished  ef- 
fect is  to  be  ascribed. 

It  occurred  to  me,  that  this  source  of  uncertainty  might 
be  obviated  by  a simple  contrivance, — employing  a vessel 
of  ice  in  which  a fluid  at  should  be  placed.  Ice  can- 
not have  its  temperature  raised  above  of  Fahrenheit; 
for  if  heat  be  communicated  to  it,  it  is  spent  merely  in 
melting  it.  Hence  it  cannot  communicate  any  tempera- 
ture above  that  point,  and  therefore,  if  a Huid  contained 
in  a vessel  of  ice  be  heated  downwards,  by  a hot  body 
being  applied  to  its  surface,  we  may  conclude  with  cer- 
tainty that  the  caloric  has  been  conveyed  by  the  conduct- 
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ing  power  of  the  fluid.  In  a hollow  cylinder  of  ice,  a ther- 
mometer was  placed  horizontally,  at  the  depth  of  one  inch, 
its  bulb  being  in  the  axis  of  the  cylinder,  and  the  part.of 
the  stem  to  which  the  scale  was  attached  entirely  without. 
As  water  could  not  be  employed  at  the  temperature  at 
which  it  is  requisite  to  make  the  experiment,  on  account 
of  the  property  it  possesses  of  becoming  more  dense  in  the 
rise  of  its  temperature  from  32°  to  40°,  oil  was  used.  A 
quantity  of  almond  oil,  at  32°,  was  poured  into  the  ice 
cylinder,  so  as  cover  the  bulb  of  the  thermometer  ^ inch. 
A flat-bottomed  iron  cup  was  suspended,  so  as  to  touch 
the  surface  of  the  oil,  and  two  ounces  of  boiling  water 
were  poured  into  it.  In  a minute  and  a half,  the  thermo- 
meter had  risen  from  32°  to  32|®  ; in  3 minutes,  to  344-° ; 
in  5 minutes,  to  36^°  ; in  7 minutes,  to  374-®,  when  it  be- 
came stationary,  and  soon  began  to  fall.  When  more  oil 
was  interposed  between  the  bottom  of  the  cup  and  the 
bulb  of  the  thermometer,  the  rise  was  less  *,  but  even  when 
its  depth  was  three  quarters  of  an  inch,  the  rise  amounted 
to  1 ^ degree.  With  mercury  the  same  results  were  ob- 
tained, the  thermometer  rising  only  with  much  more  rapi- 
dity, from  the  mercury  being  a better  conductor  than  the 
oil  *. 

These  experiments  I would  regard  as  decisive,  in  esta- 
blishing the  conducting  power  of  fluids.  The  source  of 
error  from  the  sides  of  the  vessel  is  entirely  obviated  ; no 
currents  could  be  formed,  by  which  the  rise  of  the  ther- 
mometer could  be  occasioned,  nor  is  there  any  mode  in 
which  that  effect  could  have  been  produced,  but  by  the 
fluid  conducting  the  caloric  from  particle  to  particle. 

Still  there  is  reason  to  believe  that  fluids  are  very  im- 
perfect conductors  of  caloric,  and  that  the  distribution  of 
caloric  through  them  is  in  a great  measure  by  the  circula- 
tion of  their  parts ; for  we  find,  that  when  this  is  impe- 
ded or  prevented,  the  communication  is  extremely  slow. 


• Nicolson’s  Journal,  8vo,  vol.  i,  p.  241. 
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According  to  Rumford,  ice  is  melted  eighty  times  slower 
when  at  the  bottom  of  a column  of  water,  than  when  float- 
ing on  its  surface ; and,  if  we  exclude  the  partial  circula- 
tion, which  even  in  the  former  case  takes  place,  from  the 
increased  density  of  the  water,  as  it  is  heated  from  32*^  to 
40*^,  and  fi'om  the  influence  of  the  containing  vessel,  the 
difference  must  be  more  considerable,  and  amply  demon- 
strates the  imperfect  conducting  power  of  the  fluid. 

It  is  difficult  to  ascertain  the  relative  conducting  powers 
of  different  fluids,  because  it  is  diflicult  to  determine  what 
proportion  their  real  conducting  power  bears  to  that  mo- 
bility by  which  circulation  of  their  mass  takes  place,  when 
they  are  subjected  to  a heating  or  cooling  cause,  and  by 
which  uniformity  of  temperature  through  them  is  chiefly 
established.  Mercury,  from  the  facility  with  which  it  re- 
ceives changes  of  temperature,  is  evidently  superior  in  con- 
ducting power.  Count  llumford,  in  some  early  experi- 
ments on  the  conducting  powers  of  bodies,  found,  that 
when  the  thermometer  w'as  surrounded  with  quicksilver, 
it  required  to  raise  it  to  a certain  extent  of  temperature, 
immersion  in  boiling  water  for  36|  seconds,  while,  when 
surrounded  with  water,  the  time  requisite  for  raising  it  the 
same  extent  was  or  117  seconds*'.  Hence  the 

conducting  power  of  the  quicksilver  is  to  that  of  water,  as 
36-1-  to  117  inversel}',  or  directly  as  1000  to  313.  But 
though  this  may  approach  to  the  real  difference  between 
them  in  conducting  power,  it  may  not  express  it  with  per- 
fect accuracy,  as  the  result  must  be  dependent  also  on  the 
greater  or  less  mobility  of  the  fluid,  and  on  the  degree  of 
expansion  which  each  suffers  from  the  communication  of  a 
given  quantity  of  caloric,  by  which,  as  it  is  more  consider- 
able, the  circulation  arising  from  the  difference  of  speci- 
fic gravity,  in  the  hot  and  cold  portions,  will  be  rendered 
more  rapid.  Allowing,  however,  for  these  circumstances, 


* Essays,  vol.  ii,  p.  4.2,5, 
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we  can  in  some  cases  discover  the  predominance  of  the 
real  conducting  power,  though  we  may  be  unable  to  as- 
certain its  extent  with  perfect  accuracy.  Thus  quicksilver 
suffers  less  expansion  from  a given  change  of  temperature 
than  alkohol  does,  and  therefore,  while  receiving  caloric, 
the  internal  circulation  of  its  parts  must  be  less  rapid,  as 
there  will  be  less  difference  of  specific  gravity  between  the 
portion  heated  and  that  which  is  not  *,  yet  it  takes  the  tem- 
perature of  the  surrounding  medium  more  quickly  than 
alkohol,  as  is  evident  from  the  greater  delicacy  of  the  mer- 
curial than  the  spirit  thermometer.  This  proves  a supe- 
riority in  its  proper  conducting  power. 

My  friend  Dr  Traill,  who  added  some  arguments  to  those 
before  stated  against  Count  Romford’s  conclusions  as  to 
the  non-conducting  power  of  fluids,  endeavoured  to  ascer- 
tain the  conducting  powers  of  different  liquids,  by  find- 
ing the  times  requisite  to  raise  a mercurial  thermometer, 
placed  in  the  liquid  submitted  to  trial,  3 degrees  of  Fah- 
renheit, in  consequence  of  the  transmission  of  caloric  down- 
wards, from  the  extremity  of  a cylinder  of  iron,  one  inch 
in  diameter,  heated  to  212*^,  and  suspended  in  the  liquid 
so  as  to  be  distant  from  the  bulb  of  the  thermometer  0.5 
inch.  The  results  are  given  in  the  following  table  *,  shew- 
ing the  times  in  minutes  and  seconds. 


Mercury,  - - - 0'  IS'*’ 

Saturated  Solution  of  Sulphate  of  Soda,  - 6'  30" 

Water,  - - - 7'  5" 

Proof  Spirit,  - - - 8'  nearly. 

Solution  of  Sulphate  of  Iron,  1 of  salt  to  5 of  water,  8' 

Water  of  Potassa,  - - - 8'  15" 

Milk  of  a Cow,  - - - 8'  25" 

Saturated  Solution  of  Sulphate  of  Aluminc,  - 9'  40" 

Transparent  Olive  Oil,  - - - 9'  50" 

Alkohol,  Lond.  Pharra.  - - - JO'  4-5" 


* Nicolson’s  Journal,  vol.  xii,  p.  137. 
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' From  the  manner  of  executing  these  experiments,  no 
important  influence  can  be  ascribed  to  any  circumstance, 
i independent  of  the  proper  conducting  power  of  the  liquids, 
as  little  effect  could  be  produced  by  any  differences  which 
I might  exist  in  expansibility  or  mobility  ; nor  can  the  re- 
sults be  accounted  for  on  any  differences  of  this  kind 

They  must,  therefore,  be  regarded  as  nearly  indicating  the 
different  conducting  powers. 

Rumford  advanced  the  same  opinion  with  regard  to 
airs  as  with  regard  to  non-elastic  fluids,— that  they  are 
non-conductors  of  caloric,  and  that  caloric  is  distributed 
through  them  entirely  from  the  motion  of  their  parts.  The 
experiments  by  which  he  endeavoured  to  support  this,  are 
similar  to  those  from  which  the  non-conducting  power  of 
' liquids  was  inferred  ; and,  from  the  greater  difficulties 
' which  attend  the  execution  of  them,  they  are  still  less  con- 
< elusive.  The  same  conclusion  is  probably  to  be  drawn  as 
to  the  general  question.  The  reason  why  a liquid  con- 
. ducts  caloric  so  slowly,  is  apparently,  that,  from  the  mo- 
bility of  its  parts,  as  soon  as  a particle  is  heated  it  recedes 
1 from  the  others,  and  does  not  communicate  the  caloric 
it  had  received.  The  same  cause,  it  may  be  inferred, 

I must  operate  in  the  aeriform  fluids,  and  render  them  im- 
I perfect  conductors,  though  there  is  little  probability  in  the 
conclusion,  that  they  are  altogether  incapable  of  conduct- 
ing caloric. 

Berthollet,  however,  has  advanced  the  opinion,  for  which 
there  seems  to  be  some  reason,  that  aeriform  fluids,  so  far 
from  being  imperfect  conductors  of  caloric,  conduct  it  with 
rapidity.  The  familiar  example  of  the  celerity  with  which 
an  air  theimometer  indicates  change  of  temperature,  he 
regards  as  a proof  of  this  ; and  also  the  fact,  that  aerostats 
have  sometimes  experienced  a sudden  dilatation  of  the  air 
in  their  balloon,  from  the  appearance  of  the  sun.  He  re- 
marks, that  the  particles  of  the  contained  air  cannot  be 
supposed  to  take  the  increased  temperature  which  the  ex- 
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pansion  indicates,  by  being  brought  individually,  and  of 
course  successively,  to  the  covering  of  the  balloon  ; and 
still  more,  that  the  lower  particles,  w'hich  are  contiguous 
to  that  portion  of  the  covering  which  does  not  receive  the 
solar  beams,  cannot  be  heated  in  this  manner.  Hence  he 
concludes,  that  these  phenomena  indicate,  that  the  elastic, 
fluids,  far  from  being  imperfect  conductors,  receive  the 
temperature  of  others  very  quickly  *.  The  result  which 
Rumford’s  experiments  appear  to  establish,  that  air,  when 
confined,  impedes  the  communication  of  caloric,  he  sup-> 
poses  to  be  owing  to  the  state  of  compression  in  which  it 
exists,  by  which  its  dilatation  is  prevented,  and  this  oppo-- 
ses  an  obstacle  to  the  caloric  diffusing  itself. 

There  appears  even  to  be  a difierence  in  the  celerity 
with  which  different  bodies  in  the  aerial  form  conduct  ca- 
loric. An  example  of  this  is  in  air  which  is  dry,  compar- 
ed with  air  loaded  with  moisture.  In  some  early  experi- 
ments by  Riimford,  a thermometer  surrounded  with  hu- 
mid air  was  more  rapidly  heated  when  exposed  to  a source 
of  caloric  than  when  surrounded  with  air  perfectly  dry, , 
the  time  required  to  raise  it  in  dry  air  from  32°  to  212°,, 
by  plunging  the  vessel  containing  it  into  boiling  water, , 
being  S minutes  9 seconds  ; while,  in  moist  air,  it  requir-- 
ed  only  1 minute  51  seconds,  a difference  as  330  to  80  f. . 
There  is,  indeed,  an  error  in  this  experiment,  from  the* 
circumstance,  that  to  render  the  air  humid,  the  sides  of  the 
vessel  were  wetted  with  water,  which,  when  converted  in-  • 
to  vapour,  would  condense  in  part  on  the  cold  bulb  of  the  ■ 
thermometer,  and  by  the  latent  heat  it  would  give  out, 
would  contribute  to  raise  its  temperature  ; and  according-  • 
ly,  in  the  reverse  mode  of  making  the  experiment,  or  ob-  • 
serving  the  time  the  thermometer  takes  to  cool  in  dry  and 


* Chemical  Statics,  vol.  i,  p.  465. 
f Essays,  vol.  ii,  p.  417. 
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liiumid  air,  the  difference  does  not  appear  so  considerable. 
'Still  it  is  apparent.  And  some  differenct-  in  conducting 
I power  is  even  obvious,  in  the  effects  of  air  in  these  states, 
I an  our  sensations  ; damp  air  when  at  a moderate  or  rather 
ilow  temperature,  feeling  colder  than  air  at  the  same  tem- 
perature which  is  perfectly  dry.  Mr  Leslie  observed  with 
more  precision,  that  the  times  of  cooling  of  bodies  are  very 
Idifferent  in  the  different  elastic  fluids ; in  hydrogen  gas  it 
takes  place  much  more  rapidly  than  in  atmospheric  air ; 
and  in  carbonic  acid  gas  it  takes  place  very  slowly.  These 
results  have  been  confirmed  in  a repetition  of  the  experi- 
ment by  Mr  Dalton.  The  refrigeration  depends  on  the 
radiation  of  caloric,  as  well  as  on  the  communication  of  it 
to  the  surrounding  matter  ; but  these  differences,  Mr  Les- 
lie found  reason  to  conclude,  arose  principally  from  the 
idifferent  conducting  powers  of  the  different  elastic  fluids. 

In  concluding  this  subject,  it  may  be  observed,  that  it  is 
principally  by  the  agency  of  fluids,  elastic  and  non-elastic, 
that  the  distribution  of  caloric  over  the  globe  is  regulated, 
and  great  inequalities  of  temperature  guarded  against ; and 
that  this  agency  is  exerted  chiefly  by  the  circulation  of 
■ which  their  mobility  renders  them  susceptible. 

Thus  the  atmosphere  with  which  the  earth  is  surround- 
ed,- serves  the  important  purpose  of  moderating  the  ex- 
tremes of  temperature  in  every  climate.  When  the  earth 
is  heated  by  the  sun’s  rays,  the  stratum  of  air  reposing  on 
it  receives  part  of  its  caloric,  is  rarefied,  and  ascends  At 
the  same  time,  from  a law  which  attends  the  rarefaction  of 
elastic  fluids,  that  they  become  capable  of  containing  a lar- 
ger quantity  of  caloric  at  a given  temperature  as  they  be- 
come more  rare,  this  heated  air,  though  its  temperature  falls 
as  it  ascends,  retains  the  greater  part  of  its  heat ; its  place 
at  the  surface  is  supplied  by  colder  air  pressing  in  from 
every  side ; and,  by  this  constant  succession,  the  heat  is 
moderated  that  would  otherwise  become  intense.  The 

•^ated  air  is,  by  the  pressure  of  the  constant  ascending 
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portions,  forced  towards  a colder  climate ; as  it  descends, 
to  supply  the  equilibrium,  it  gives  out  the  heat  it  had  re- 
ceived, and  this  serves  to  moderate  the  extremes  of  cold. 
There  thus  flow  a current  from  the  poles  towards  the  e- 
qiiator,  at  the  surface  of  the  earth,  and  another  superior 
current  from  the  equator  to  the  poles  ; and  though  the 
di  rections  of  these  are  variously  changed,  by  inequalities 
of  the  earth’s  surface,  they  can  never  be  interrupted,  but 
produced  by  general  causes  must  always  operate,  and  pre- 
serve more  uniform  the  temperature  of  the  globe. 

Water  is  not  less  useful  in  this  respect  in  the  economy 
of  nature.  When  a current  of  cold  air  passes  over  the 
surface  of  a large  collection  of  water,  it  receives  from  it  i 
a quantity  of  caloric;  the  specific  gravity  of  the  water  is? 
increased,  and  the  cooled  portion  sinks  Its  descent  forces - 
up  a portion  of  warmer  water  to  the  surface,  which  again 
communicates  a quantity  of  caloric  to  the  air  passing  over 
it  j and  this  process  may  be  continued  for  a considerable 
time,  proportioned  to  the  depth  of  the  water:  If  this  is? 
not  very  considerable,  the  whole  is  at  length  cooled  to  40%  , 
below  which,  the  specific  gravity  not  increasing,  the  cir-  • 
cidation  ceases,  and  the  surface  is  at  length  so  far  cooled ! 
as  to  be  covered  with  ice.  If  the  depth  is  much  greater, . 
the  application  of  the  cold  air  may  be  continued  longer 
without  this  result  *,  and  in  this,  and  other  countries  not 
intensely  cold,  it  often  happens  that  deep  lakes  are  not 
frozen  in  the  course  of  the  winter.  The  depth  of  the 
ocean  being  greater,  and  the  body  of  water  larger,  w hile,  . 
from  its  saline  impregnation,  its  points,  both  of  freezing 
and  maximum  density,  are  lowered,  it  resists  freezing  still 
more  efteclually,  and  is  scarcely  frozen  indeed  except  in 
latitudes  wdiere  the  most  intense  cold  prevails. 

The  quantity  of  caloric  thus  communicated  by  water  is 
exceedingly  great.  The  heat.  Count  Rumford  remarks,  , 
“ given  oil  to  the  air  by  each  superficial  loot  ol  water,  in 
cooling  one  degree,  is  sufficient  to  heat  an  incumbent  stra* 
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i turn  of  air  44-  times  as  thick  as  the  depth  of  the  water.  J 0 
degrees.  Hence  we  see  how  very  powerfully  the  water  of 
the  ocean,  which  is  never  frozen  over  except  in  very  high 
latitudes,  must  contribute  to  warm  the  cold  air  which  flows 
in  from  the  polar  regions.”  From  this  cause  currents 
must  exist  in  the  ocean  similar  to  those  formed  in  the  at- 
mosphere. The  water  which,  in  the  colder  regions,  is 
cooled  at  the  surface,  descends,  and  spreading  on  the  bot- 
tom of  the  sea,  flows  towards  the  equator,  which  must  pro- 
duce a current  at  the  surface  in  an  opposite  direction  ; 
and  thus  the  ocean  may  be  useful  in  moderating  the  ex- 
cessive heats  of  the  torrid  zone,  as  well  as  in  obviating  the 
intense  colds  of  the  polar  climates. 


n.  0¥  THE  RADIATION  OF  CALORIC. 


1 HAVE  remarked,  in  the  beginning  of  the  present  sec- 
tion, that  caloric  is  diffused  over  matter,  not  only  by  slow 
communication,  but  that,  from  a body  at  a high  tempera- 
ture, it  is  likewise  projected  in  right  lines,  moving  with 
great  velocity,  and  obeying  the  same  laws  of  motion  as 
the  rays  of  light.  This  constitutes  its  Radiation,  the  sub- 
ject 1 have  now  to  con-.ider. 

This  property  of  caloric  had  not  escaped  observation 
even  at  an  early  period.  In  the  Memoirs  of  the  Acade- 
my of  Sciences  for  1682,  an  experiment  of  Mariotte  is 
stated,  in  which  it  is  said,  that  “ the  heat  of  a fire,  re- 
flected by  a burning  mirror,  is  sensible  in  its  focus;  but 
if  a glass  be  interposed  between  the  mirror  and  the  focus, 
the  heat  is  no  longer  sensible.”  Lambert  made  a similar 
experiment,  and  shewed  more  clearly,  that  the  heat  pro- 
duced is  not  owing  to  the  agency  of  light.  Finding,  that 
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from  burning  charcoal,  placed  properly  between  two  con- 
cave mirrors,  sucii  a heat  was  produced,  as  to  kindle  a 
combustible  body  at  the  distance  of  20  or  24-  feet,  to  dis- 
cover whether  this  arose  from  the  light  emitted,  he  col- 
lected in  the  focus  of  a large  lens,  the  light  of  a clear  burn- 
ing fire,  but  found  it  to  have  scarcely  any  heat  sensible 
to  the  hand  *. 

Scheele  in  his  Treatise  on  Air  and  Fire,  added  several 
new  and  very  important  observations  on  this  subject.  He 
shewed,  that  this  radiant  heat,  as  he  named  it,  passes 
through  -the  air  without  heating  it,  and  that  any  current 
in  the  atmosphere  does  not  change  its  direction.  If  a 
pane  of  glass  be  interposed  between  the  fire  emitting  it 
and  the  hand,  it  is  arrested,  and  no  sensation  of  heat  is 
received,  though  the  light  from  the  fire  is  transmitted, 
and  may  be  concentrated  by  a mirror,  so  as  to  form  a 
bright  image.  A glass  mirror,  he  observes,  though  it  re- 
flects the  light  of  a fire,  does  not  reflect  the  heat,  but  re- 
tains it,  while  a polished  metallic  surface  reflects  the  ra- 
diant heat,  as  well  as  the  light.  A metallic  mirror,  there- 
fore, opposed  to  a source  of  heat,  may  be  held  a long 
time  without  becoming  warm.  But  he  adds,  that  if  it  be 
blackened,  it  cannot  be  kept  four  minutes  in  the  hand,  op- 
posed to  a fire,  without  exciting  too  strong  a heat  to  allow 
it  to  be  held  f.  The  general  facts,  for  which  we  are  in- 
debted to  Scheele,  and  which  form  the  greater  part  of 
what  has  yet  been  discovered  on  this  subject,  are.  That 
radiant  caloric  is  reflected  from  metallic  surfaces  ; — that  it 
is  not  reflected  or  transmitted  by  a glass  surface,  but  ab- 
sorbed — that  when  a metallic  surface  is  blackened,  it  no 
longer  reflects,  but  absorbs,  and  becomes  therefore  much 
sooner  heated  ; that  radiant  caloric  moves  with  velocity 


* Voyages  dans  les  Alpes,  par  Saussure,  t.  iv,  p.  119. 
f Experiments  on  Air  and  Fire,  p.  67 — 71. 
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through  air,  undisturbed  by  any  motion  of  the  air,  and 
without  appearing  to  communicate  to  it  any  increase  of 
temperature  ; and  that,  when  associated  with  light,  it  can 
be  separated  from  it,  so  as  to  obtain  the  peculiar  effects  of 
each  part  from  the  other. 

Saussure,  in  endeavouring  to  discover  the  cause  of  the 
cold  that  prevails  on  the  summit  of  high  mountains,  was 
led  to  attend  to  the  experiment  of  Lambert,  and,  in  con- 
junction with  Pictet,  repeated  and  varied  it.  The  ap- 
paratus they  employed,  represented  PI.  IV,  Fig.  39.,  con- 
sisted of  two  concave  mirrors  of  tin,  moderately  polished, ’a 
foot  in  diameter,  with  a focus  of  44  inches  *.  These  were 
placed  opposite  to  each  other  at  the  distance  of  12  feet. 
In  the  focus  of  one  was  the  bulb  of  a thermometer,  in 
that  of  the  other  was  put  a ball  of  iron,  2 inches  in  dia- 
meter, raised  to  a red  heat,  and  allowed  to  cool,  until  it 
was  no  longer  luminous  in  the  dark.  The  moment  the 
ball  was  introduced,  the  thermometer  in  the  opposite  fo- 
cus began  to  rise,  and  in  six  minutes  it  had  risen  from  4 
degrees  to  14L  of  Reaumur’s  scale,  while  another  ther- 
mometer, suspended  without  the  focus,  but  at  the  same 
distance  from  the  heated  ball,  rose  only  from  4°  to  6|°f. 
The  rationale  of  the  experiment  is  sufficiently  obvious. 
The  heated  body  emits  rays  of  caloric  in  right  lines  ; 
those  of  them  which  proceed  towards  the  mirror,  in  the 
focus  of  which  it  is  placed,  are  reflected  and  projected  on 
the  surface  of  the  opposite  mirror ; from  it  they  are  again 
reflected,  and  though  at  each  surface  some  may  be  lost,  yet 


* In  the  Plate,  the  figures  representing  the  different  air 
thermometers  and  the  differential  thermometer  are  represent- 
ed between  the  mirrors.  These,  in  tlie  description  of  the 
above  experiment,  are  of  course  supposed  to  be  removed. 
The  ball  on  its  standard  represents  the  hot  body  in  the  tbcus 
of  the  one  mirror  B,  the  ball  of  the  air  thermometer  is  in 
the  focus  of  the  other  A. 

t Voyages  dans  les  Alpes,  t.  iv,  p.  120. 
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a sufficient  number  are  united  in  the  focus  to  produce  au 
effect  on  the  thermometer,  while  the  thermometer  without 
the  focus  receives  only  the  few  direct  rays  from  the  sur- 
face of  the  sphere,  equal  to  its  own  surface  to  which  it  is 
opposed.  1 he  rise  of  temperature  is  of  course  greater, 
the  hotter  the  ball  is  from  which  the  caloric  is  discharg- 
ed ; and  from  a mass  in  a state  of  high  ignition,  it  is  suffi- 
cient to  set  fire  to  an  inflammable  body  at  the  distance  of 
several  feet. 

Pictet  prosecuted  these  experiments.  In  substituting  a 
burning  candle  instead  of  the  heated  ball,  the  thermome- 
ter rose  from  4.6  degrees  to  14°  *. 

In  both  experiments  there  was  some  ground  for  the  sus- 
picion, that  light  might  give  rise  to  much  of  the  effect, 
for  although  the. heated  ball  did  not  appear  luminous  even 
in  the  dark,  this  might  be  ascribed  to  the  imperfection  of 
vision  ; and  as  the  temperature  was  so  near  to  that  of  ig- 
nition, rays  of  light  might  still  be  discharged.  To  deter- 
mine this  point,  Pictet  repeated  the  experiment  which 
had  before  been  made,  but  with  more  accuracy, — that  of 
interposing  a plate  of  glass  between  the  radiating  body  and 
the  thermometer,  which  would  afford  a ready  passage  to 
any  light  present,  while,  if  the  rays  were  of  the  nature  of 
caloric,  these  might  be  expected  to  be  intercepted.  When 
the  burning  candle  had  been  placed  in  the  focus,  and  had 
raised  the  thermometer  in  the  opposite  focus  from  2 to  12 
degrees,  a plate  of  transparent  glass  was  interposed,  and 
in  nine  minutes  the  thermometer  had  descended  to  5.7, 
that  is  more  than  one  half.  On  removing  the  glass,  it 
again  rose.  Even  the  effect  which  was  produced  while  it 
was  interposed,  is  probably  not  to  be  ascribed  to  the  a- 
gcncy  of  light,  but  partly  to  the  rays  of  caloric  being  im- 
perfectly intercepted,  and  partly  to  the  glass  itself  being 


^ Essais  de  Physique,  p.  63. 
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heated  by  those  which  were  arrested,  and  thus  becoming 
a source  of  radiating  caloric.  He  performed  another  ex- 
periment, in  which  the  operation  ol  light  cannot  be  sus- 
pected. A glass  matrass,  capable  of  containing  rather 
more  than  two  ounces  by  measure,  was  filled  with  boiling 
water,  and  placed  in  the  focus  of  one  of  the  mirrors. 
The  other  was  placed  at  the  distance  of  10  feet  6 inches, 
and  in  its  focus  was  suspended  a small  mercurial  ther- 
mometer, having  Fahrenheit’s  scale.  This  in  two  mi- 
nutes rose  from  47°  to  50^°  ; and  when  the  matrass  was 
removed,  it  began  to  fall.  These  experiments  leave  no 
room  to  doubt  of  the  radiation  of  caloric,  or  they  prove, 
that  a calorific  power  is  propagated  in  right  lines  from  a 
mass  of  matter,  the  temperature  of  which  is  moderately 
raised. 

It  is  known,  that  when  bodies  are  blackened,  they  are 
more  heated  by  the  rays  of  light  than  when  they  are  not 
so  prepared.  From  the  experiments  of  Scheele,  in  which 
he  blackened  the  metallic  mirror  placed  before  a fire,  and 
found  it  was  more  heated  than  when  clean,  it  appeared  to 
be  the  same  with  regard  to  radiant  caloric;  and  this  was 
farther  ascertained  by  Pictet.  When  the  bulb  of  the  ther- 
mometer, which,  by  the  caloric  radiated  from  the  matrass 
of  boiling  water,  was  raised  from  47®  to  .50^®,  was  black- 
ened, it  rose,  the  experiment  being  in  every  other  respect 
the  same,  from  to  55f  . 

From  Scheele’s  experiments  might  be  collected,  though 
with  some  obscurity,  the  effect  of  different  kinds  of  matter 
at  the  same  temperature,  in  radiating  caloric.  Experi- 
ments of  a similar  nature,  though  likewise  obscure  as  to 
their  rationale  at  that  time,  were  made  by  Pictet,  by  in- 
terposing a glass  mirror  or  plate,  covered  with  amalgam 
on  one  side,  between  the  hot  body  and  the  thermometer, 
and  according  as  the  glass  or  liie  metallic  surface  was  op- 
posed to  the  hot  body,  or  according  as  either  surface  was 
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blackened,  the  calorific  effect  on  the  thermometer  was  dif- 
ferent *. 

In  employing  a concave  glass  mirror,  scarcely  any  rise 
was  indicated  by  a thermometer  in  its  focus,  when  a heat- 
ed metallic  ball  was  opposed  to  it,  — a very  simple  experi- 
ment, by  which  the  different  powers  of  glass  and  metal  in 
reflecting  caloric  are  also  demonstrated. 

Pictet,  though  he  made  the  experiment,  could  not  as- 
certain whether  this  radiating  calorific  matter  suffered  re- 
fraction. Pie  endeavoured,  but  by  a very  rude  experi- 
ment, to  discover  the  velocity  of  its  motion,  placing  tw'o 
concave  mirrors  at  the  distance  of  69  feet,  with  a skreen 
interposed,  an  air  thermometer  being  placed  in  the  focus 
of  the  one  mirror,  and  a heated  ball  of  iron  being  intro- 
duced into  that  of  the  other  : on  withdrawing  the  skreen 
the  thermometer  rose,  nor  was  it  possible  to  perceive  an 
interval  of  time  between  its  rise  and  the  removal.  The 
moment  the  skreen  was  dropped,  the  ascent  of  the  ther- 
mometer ceased. 

To  these  facts  on  radiant  heat,  Dr  Herschel,  a few’  years 
afterwards,  added  the  important  discovery,  that  rays  of  ca- 
loric exist  in  the  solar  beam,  associated  with  visible  light. 
Pie  was  led  to  this  by  finding,  that  when  a ray  of  light  is 
decomposed  by  the  prism,  the  different  coloured  rays  have 
different  heating  powers;  the  most  refrangible  of  the  visi- 
ble rays,  the  violet,  is  least  powerful  in  exciting  heat,  and  the 
calorific  power  increases  towards  the  other  side  of  the  spec- 
trum, and  is  greatest  in  the  red  rays.  This  was  ascertain- 
ed by  receiving  the  prismatic  spectrum  on  a piece  of  paste- 
board, in  which  was  an  opening  of  sufficient  length  to  al- 
low one  of  the  prismatic  colours  to  pass  through.  Very 
sensible  thermometers  were  placed  beneath,  and  by  the 
rise  they  suffered,  the  heating  pow’ers  of  the  different  ravs 


• Essais,  p.  72. 
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were  compared  In  the  red  ray  the  rise  was  7®,  in  the 
green  ray  3^®,  and  in  the  violet  ray  only  2°. 

But  he  further  found,  that  entirely  apart  from  visible 
light,  beyond  that  side  of  the  prismatic  spectrum  bounded 
by  the  red  light,  rays  exist  possessed  of  heating  power,  and 
this  even  to  a greater  extent  than  is  possessed  by  the  visible 
rays  : the  heating  power  is  at  its  maximum  half  an  inch  be- 
yond the  visible  light,  and  it  can  be  traced  to  the  extent  of 
an  inch  and  a half.  This  must  be  received  as  a proof  of  the 
existence  of  radiant  caloric  in  the  solar  beam.  The  diffe- 
rent heating  powers  of  the  different  visible  rays  might  be 
supposed  to  arise  from  differences  in  the  rays  themselves, 
as  rays  of  light ; and^  did  a certain  degree  of  heat  only 
exist  beyond  the  red  ray,  inferior  to  that  produced  by  the 
red  ray  itself,  it  might  be  ascribed  to  the  diffused  influence 
of  this  ray.  But  since  the  degree  of  heat  is  actually  great- 
er, the  conclusion  can  scarcely  be  rejected,  that  it  proves 
the  presence  of  radiant  caloric.  The  results  established 
by  Herschel  were  afterwards  confirmed  by  the  experiments 
of  Englefield,  and  to  a certain  extent  by  those  of  Berard  ; 
though  in  those  of  the  latter  the  maximum  of  heating 
power  appears  to  be  within  the  boundary  of  the  red  ray, 
and  to  diminish  beyond  it.  These  are  to  be  more  fully 
stated  under  the  history  of  Light. 

From  the  separation  of  the  calorific  rays  from  the  visi- 
ble rays  by  transmission  through  a prism,  it  follows  that 
the  former  as  well  as  the  latter  are  liable  to  refraction, 
since  they  are  turned  aside  from  their  direct  course.  It 
appears  even  that  a beam  of  radiant  caloric  must  consist 
of  rays  of  different  refrangibility,  for  the  calorific  rays  are 
dispersed  over  a space  greater  than  that  of  the  area  of  the 
prism,  and  greater  even  than  that  occupied  by  the  visible 
rays  of  light.  The  range,  therefore,  of  its  refrangibility 
is  even  more  extensive  than  that  of  the  coloured  rays. 


* Philosophical  Transactions  for  1800,  p.  257. 
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Herschel  endeavoured  to  ascertain  whether  the  radiant 
caloric  projected  from  heated  bodies  is  likewise  refrangi- 
ble. By  placing  a lens  at  a small  distance  from  a burning 
candle,  with  a pasteboard  skreen  interposed,  the  direct 
rays  from  the  candle,  which  passed  through  an  aperture 
in  the  skreen,  were  refracted  by  the  lens,  and  thrown  on 
a thermometer  in  its  focus,  which  was  thus  raised  in  three 
minutes  degrees  *.  A similar  experiment  was  perform- 
ed on  the  calorific  rays  issuing  from  a common  fire,  from  a 
mass  of  red’hot  iron,  and  likewise  from  iron  heated,  but  not 
to  ignition  ; and  the  results  equally  proved,  that  these  rays 
are  subject  to  the  laws  of  refraction.  He  also  subjected  to 
experiment  the  invisible  calorific  rays  of  the  solar  beam, 
and  found  that  they  were  refracted  to  the  focus  of  the  lens  f. 
It  has  been  found  by  Berard,  that  both  the  solar  calorific 
rays,  and  the  calorific  rays  from  hot  bodies,  are  also  sus- 
ceptible of  that  modification  by  reflection,  which  consti- 
tutes polarization. 

So  far  the  radiant  caloric  which  exists  in  the  solar  rays, 
and  that  emitted  from  bodies  at  a high  temperature,  agree 
in  their  properties,  it  follows,  however,  from  Herschel’s 
experiments,  that  a dilferonce  exists  between  them  in  one 
property,  that  of  passing  through  transparent  media,  the 
latter  being  transmitted  with  much  more  difficulty  than 
that  which  exists  in  solar  light.  He  found,  on  expo- 
sing two  thermometers  of  equal  sensibility,  the  one  cover- 
ed with  glass  or  some  other  transparent  substance,  the 
other  remaining  uncovered,  first  to  the  solar  rays,  and  af- 
terwards to  the  rays  from  a burning  candle,  that  a great- 
er proportion  of  the  calorific  rays  in  the  latter  were  ar- 
rested by  the  glass  than  of  the  former  f. 

In  these  experiments,  the  radiant  caloric  was  connected 


\ 


* Philosophical  Transactions,  1800,p.  272;  Ibid.  p.  309- 
t Ibid.  p.  317.  t Ibid.  p.  446. 
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with  light,  which  might  influence  its  transmission  through 
the  glass.  But  when  the  invisible  heating  rays  in  the  so- 
lar rays  separated  from  the  illuminating  rays,  and  the  in- 
visible calorific  rays  emanated  from  a body  heated,  but 
not  luminous,  as  from  an  iron  stove,  were  operated  on,  the 
same  general  result  was  obtained*.  There  remains  no 
doubt,  therefore,  as  to  the  more  difficult  transmission  of 
the  radiant  caloric  from  heated  bodies  through  transpa- 
rent media,  compared  with  the  radiant  caloric  which  ex- 
ists in  the  solar  rays ; and  we  can  perceive,  indeed,  this 
difference  from  familiar  facts.  Water  is  scarcely  directly 
heated  by  exposure  to  the  solar  rays,  while  its  temperature 
is  raised  by  being  placed  before  a common  fire;  and  the 
radiant  heat  of  heated  bodies  is  incapable  of  passing 
through  a mass  of  water.  When  a plate  of  glass,  too,  is 
interposed  between  a heated  body,  placed  in  the  focus  of 
one  mirror,  and  a thermometer  in  that  of  the  other,  the 
radiant  caloric  is  nearly  completely  intercepted  ; while, 
when  the  solar  rays  are  concentrated  by  a lens,  a very  in- 
tense heat  is  excited  in  its  focus,  a sufficient  proof  that  the 
radiant  caloric,  or  the  greater  part  of  it,  existing  in  these 
rays,  passes  through  the  glass.  Even  a cloudy  atmos- 
phere, there  is  reason  to  believe,  from  natural  phenomena, 
impedes  greatly  the  discharge  of  radiant  heat  from  the  sur- 
face of  the  earth. 

From  subsequent  experiments  it  appears,  that  the  power 
of  the  calorific  rays  in  passing  through  transparent  media 
is  considerably  dependent  on  the  temperature  at  which 
they  are  projected.  There  is  some  fallacy  attending  ex- 
periments to  determine  this,  from  the  circumstance  that 
the  transparent  body  interposed  between  the  source  of 
heat  and  the  thermometer  is  liable  itself  to  become  heat- 
ed, and  thus  to  radiate  directly.  And  Mr  Leslie  had  stated 
some  experiments,  proving,  that  when  the  interposed  body 
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is  not  heated,  as,  for  example,  when  a sheet  of  ice  is  em- 
ployed as  a skreen,  no  sensible  transnjission  is  indicated 
by  any  eli’ect  on  the  thermometer.  But  this  mode  of  con- 
ducting the  experiment  is  liable,  as  is  afterwards  to  be 
stated,  to  some  fallacy  ; and  other  experiments  establish 
the  reverse.  Dr  Maycock  found,  that  a very  sensible  ef- 
fect was  produced  on  the  common  apparatus  with  the  me- 
tallic mirrors,  when  a plate  of  glass  was  interposed  be- 
tween the  hot  body  and  the  thermometer,  employing  as 
the  source  of  heat  either  a burning  candle  or  a flask  of 
boiling  water ; and  that  the  effect  was  not  owing  to  the 
glass  plate  being  heated  and  becoming  a source  of  radia- 
tion, he  proved,  by  finding  that  less  effect  was  produ- 
ced on  the  thermometer  when  a blackened  glass  skreen 
was  interposed,  than  when  clear  glass  was  employed, 
though  the  former  must  have  been  considerably  more  heat- 
ed than  the  latter;  and  also  by  the  circumstance  that  when 
the  heated  body  was  removed,  the  glass  plate  being  allow- 
ed to  remain,  the  effect  did  not  continue  for  a short  time, 
as  it  ought  to  have  done,  if  it  depended  entirely  on  the 
heat  of  the  plate,  but,  on  the  contrary,  the  thermometer 
began  immediately  to  fall  Prevost  obviated  the  fallacy 
in  another  mode,  interposing  moveable  skreens  of  glass, 
which  he  renewed  constantly  so  as  to  prevent  their  being 
heated,  and  still  found  that  the  radiant  caloric  passed 
through  so  as  to  affect  the  thermometer.  And  Delaroche, 
by  interposing  between  the  heated  body  and  the  thermo- 
ter,  first  a transparent  skreen  of  glass,  and  secondly  a 
skreen  of  blackened  glass,  and  comparing  the  effect  pro- 
duced in  each  experiment,  found  how  much  was  due  to 
the  heating  of  the  skreen,  and  thus  was  enabled  to  deter- 
mine any  effect  to  be  ascribed  to  the  direct  transmission 
through  the  glass.  Making  allowance  for  this,  he  obtain- 
ed the  same  general  result,  that  a portion  of  the  calorific 
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rays  passes  through  the  glass,  and  that  this  is  greater  as 
the  temperature  oi  the  body  projecting  them  is  more 
highly  elevated.  If  it  is  lower  than  212°,  the  quantity 
transmitted  is  very  inconsiderable ; but  as  it  rises  above 
this,  it  is  quickly  increased.  From  this  circumstance 
may  be  inferred  the  reason  why  the  calorific  rays  in  the 
solai  beam  penetrate  transparent  media  with  much  more 
facility  than  those  projected  from  heated  bodies,  as  the 
former  may  be  supposed  to  be  thrown  oiF  at  a hi<rher 
temperature  : and  as  the  calorific  rays  acquire  this  power 
to  a greater  extent  as  the  body  approaches  to  ignition,  at 
which  it  emits  rays  of  light,  this  lends  some  [irobability 
to  the  conjecture,  that  the  heating  rays  may  become  lu- 
minous by  an  increase  of  projectile  force,  and  that  ra- 
diant caloric  may  gradually  by  this  progression  pass  into 
light. 

Dclaroche  farther  found,  by  Interposing  first  one  glass 
skreen,  and  then  two  skreens,  and  observing  the  difference 
in  the  effect,  that  the  calorific  rays  which  have  passed 
through  one  skreen  suffer  a much  smaller  diminution  of 
their  intensity  in  passing  through  a second,  than  they  did 
in  passing  through  the  first.  This  ap-^  ears  to  prove,  that 
the  rays  discharged  simultaneously  from  a hot  body  are 
ot  different  kinds,  some  passing  with  more  facility  through 
transparent  media  than  others. 

With  regard  to  the  law  which  is  observed  in  the  dis- 
charge of  radiant  heat  in  relation  to  temperature,  he  in- 
ferred from  a number  of  experiments,  that  the  quantity 
discharged  is  not  merely  proportional  to  the  excess  of  the 
temperature  of  the  hot  body  above  the  surrounding  air, 
but  that  it  increases  in  a much  higher  ratio  *. 

I have  next  to  give  an  abstract  of  tlie  important  ex- 
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periments  of  Mr  Leslie,  which  discovered  'some  other 
facts  with  regard  to  Radiant  Heat,  particularly  the  re- 
lation of  different  surfaces  in  emitting  the  calorific  rays. 
He  employed  a single  reflecting  mirror  of  tinned  iron, 
placed  upright  in  a wooden  frame.  As  the  substance  ra- 
diating caloric,  he  used  small  hollow  cubes  of  tin,  from 
three  to  ten  inches,  which  were  filled  with  hot  water,  and 
placed  before  the  mirror  at  the  distance  of  a few  feet ; by 
covering  or  preparing  the  sides  of  the  cube  in  various 
ways,  he  could  ascertain  the  effect  of  different  kinds  of 
matter  on  the  radiation;  and  to  ascertain  the  effect  with 
more  accuracy,  at  a temperature  thus  not  very  highly  ele- 
vated, he  employed  the  differential  thermometer,  the  struc- 
ture of  which  has  been  already  described. 

The  tin  vessel  being  filled  with  boiling  water,  and  pla- 
ced before  the  reflector,  a few  feet  distant,  and  one  of  the 
balls  of  the  thermometer  being  placed  in  the  focus  of  the 
mirror,  a rise  of  temperature  is  immediately  indicated. 

To  examine  the  effect  of  different  surfaces  in  radiating 
caloric,  Mr  Leslie  painted  one  side  of  the  vessel  (a  six 
inch  cube),  with  lamp-back,  coated  another  with  writing- 
paper,  covered  the  third  with  a pane  of  glass,  and  left  the 
fourth  uncovered.  The  vessel  being  filled  with  boiling 
water,  and  the  black  side  being  opposed  to  the  reflector, 
the  liquor  in  the  thermometer  rose  100  degrees  of  its 
scale.  The  papered  side  caused  a rise  of  98  degrees  ; the 
Mass  surface  90  degrees,  and  the  metallic  surface  not 
more  than  12°.  These  numbers,  therefore,  express  the 
different  powers  of  these  surfaces  in  radiating  caloric,  as 
in  all  the  experiments  the  effect  was  different,  though  the 
temperature  of  each  surface  must  have  been  the  same. 

Lie  also  ascertained  with  accuracy  the  effect  of  different 
surfaces  in  7’£/?cc/iwgradiant  caloric.  It  was  well  known,  that 
it  is  most  completely  reffected  from  metallic  surfaces,  and 
that  it  is  reflected  very  imperfectly  from  a glass  or  blacken- 
ed surface.  Mr  Leslie  found,  in  conformity  to  this,  that 
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when  the  hall  of  the  thermometer  in  the  focus  of  the  mir- 
ror is  coated  with  tinfoil,  the  rise  of  temperature,  which 
it  suffers  is  much  less  than  when  it  is  uncoated  : from  the 
blackened  surface  of  the  cannister  it  receives  an  increase 
of  temperature,  instead  of  100°,  amounting  only  to  20°, 
and  from  the  metallic  surface,  instead  of  1 2°  only  24.° ; in 
other  words,  the  ball  thus  covered  with  metal  rejiects  the 
greater  part  of  the  calorific  rays  directed  upon  it,  and 
therefore  its  teniperature  is  not  raised.  The  same  thing 
is  proved  by  substituting  for  n metallic  mirror  a glass  one, 
(employing  the  thermometer  in  its  usual  state) : on  pre- 
senting the  most  powerful  radiating  surface,  that  is  the 
blackened  side  of  the  cube,  the  rise  of  the  thermometer 
will  be  merely  a visible  space,  the  glass  being  capable  of 
reflecting  on  the  thermometer  in  its  focus  only  a small 
part  of  the  caloric  it  receives  : if  its  surface  is  blackened, 
by  spreading  china-ink  over  it,  even  this  slight  effect 
ceases,  and  no  rise  is  perceptible ; but  if  it  be  covered 
with  tinfoil,  the  effect  on  the  thermometer  is  increased  to 
at  least  ten  times  the  effect  produced  by  the  glass  alone  *. 

The  power  of  bodies  to  radiate  caloric,  and  that  to 
Jiect  it,  are  thus  opposed  to  each  other.  A blackened  sur- 
face radiates  most,  glass  next  to  it,  and  a polished  metal 
least;  while  in  the  power  of  reflecting,  the  order  is  the 
reverse,  the  metal  surface  reflecting  most  copiously,  the 
blackened  surface  least.  The  radiating  and  absorbing 
powers  appear  to  be  proportional,  the  vitreous  or  black- 
ened surface  absorbing  radiant  heat  much  more  perfectly 
than  the  metallic  one,  and  are  inversely  as  the  reflecting 
power. 

Mr  Leslie  found,  that  a considerable  aberration  takes 
place  in  the  reflection  of  heat,  the  heated  body  when  mo- 
ved from  the  axis  of  the  reflector  still  continuing  to  pro- 
duce its  heating  effect  on  the  thermometer  in  the  focus  ; 
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at  the  distance  ol  an  inch  it  did  not  appear  to  be  lessened, 
and  it  could  be  witlidrawn  7 or  H inches  before  the  effect 
ceased  to  be  perceptible.  It  follows  Iroin  this,  that  the 
heating  elfect  will  not  be  in  the  true  focus,  but  nearer  to 
the  mirror.  And  accordingly,  he  found,  that  on  advan- 
cing the  thermometer  half  an  inch  nearer  to  the  reflector 
than  the  focus,  the  heating  effect  was  augmented  more 
than  one-third ; and  even  at  one  inch,  it  was  greater  by 
one-fourth;  while  in  moving  it  backwards,  the  impression 
diminished  rapidly  *. 

Another  set  of  experiments  which  Mr  Leslie  made,  re- 
late to  the  effect  of  interposed  skreens  in  intercepting  the 
communication  of  temperature  from  the  hot  body  to  the 
mirror.  From  these  principally  he  inferred  his  theory  ot 
radiant  heat. 

If  a sheet  of  tinfoil  suspended  in  a frame  larger  than  the 
reflector  be  placed  about  two  inches  from  the  tin  vessel, 
between  it  and  the  thermometer,  the  effect  on  the  ther- 
mometer is  completely  intercepted,  and  it  remains  so  at 
whatever  distance  the  skreen  is  placed  between  the  tin 
vessel  and  the  reflector,  and  this  even  when  the  most 
powerful  radiating  surface,  the  blackened  one,  is  opposed. 
Gold  leaf,  which  is  600  times  thinner  than  the  tinfoil, 
has  the  same  effect.  If,  however,  instead  of  the  metallic 
skreen,  a pane  of  glass  be  interposed,  the  result  is  differ- 
ent ; the  liquor  in  the  thermometer  will  be  raised  20  de- 
grees, estimating  the  entire  and  unobstructed  effect  from 
the  blackened  side  of  the  cube  at  100°.  II,  instead  of 
glass,  a sheet  of  paper  be  attached  to  the  frame  placed 
between  the  heated  tin  vessel  and  the  mirror  about  two 
inches  from  the  former,  the  rise  of  the  differential  ther- 
mometer is  rather  greater,  being  about  23  degrees. 

It  may  be  supposed,  that  the  effect  on  the  thermometer 
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in  these  experiments  with  the  jrlass  or  paper  is  owing  to 
part  of  the  radiant  caloric  passing  through,  while  another 
portion  is  intercepted.  Were  this  the  case,  Mr  Leslie 
observes,  the  effect  ought  to  be  the  same,  at  whatever  dis- 
tance the  skreen  is  placed  bei.weeu  the  hot  vessel  and  the 
reflector,  while  he  finds  it  to  be  dependent  on  its  conti- 
guity  to  the  former:  at  the  distance  of  two  inches  from 
the  heated  surface,  the  effects  above  stated  are  produced  ; 
if  farther  removed,  the  effect  diminishes  ; and  at  the  dis- 
tance of  a foot  from  the  tin  vessel,  the  rise  in  the  thermo- 
meter is  not  one-thirtieth  what  it  is  in  the  first  position. 
This  he  regards  as  a proof  that  the  interposed  skreen 
does  not  operate  partly  by  intercepting  and  partly  allow- 
ing the  radiant  caloric  to  pass  through  it,  but  that  the 
calorific  influence  is  entirely  arrested,  while  the  skreen  by 
this  acfjuiies  heat,  and  in  its  turn  displays  the  same 
energy  as  if  it  had  formed  the  surface  of  a new  cannister 
of  the  corresponding  temperature.”  Hence  the  effect 
must  be  dependent  on  the  contiguity  of  the  skreen  to  the 
souice  of  heat,  and  on  its  nature  with  reo’ard  to  its  re- 
ceptive  and  discharging  powers  ; when  of  metal,  the  ef- 
fect is  imperceptible,  because  a metallic  surface  is  unfa- 
vourable to  receiving  caloric  on  the  one  side,  or  giving  it 
out  on  the  other  ; while  if  of  glass  or  paper,  the  effect  is 
considerable,  because  these  substances  are  better  fitted  both 
to  receive  and  discharge  heat. 

In  confirmation  of  this  he  found,  that  when  a substance 
is  used  as  a skreen  which  cannot  have  its  temperature 
raised,  as  a thin  sheet  of  ice,  it  completely  intercepts  the 
effect  on  the  thermometer.  And  it  is  still  farther  establish- 
ed by  an  ingenious  experiment,  which  he  supposed  to  be 
decisive,  Let  two  panes  of  crown  glass  be  coated,  one  On 
each  side  with  tinfoil ; join  them  together  with  their  tin 
surfaces  in  contact,  and  attach  them  to  the  frame  placed 
in  the  same  position  as  in  the  preceding  experiments,  the 
thermometer  will  experience  a rise  equal  to  18  degrees. 
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But  let  the  panes  of  glass  be  joined,  so  as  to  have  their 
till-coatings  on  the  outer  sides,  there  will  be  no  rise  what- 
ever in  the  thermometer ; yet  in  both  cases  the  obstacle 
presented  is  the  same  ; and  if  the  effect  on  the  thermome- 
ter were  owing  to  radiant  caloric  being  partly  transmit- 
ted, no  cause  could  be  assigned  for  so  striking  a difference, 
while  on  the  principle  above  stated  it  is  explained  ; the 
metallic  surfaces  being  unfavourable  either  for  receiving 
or  discharging  heat,  the  glass  surfaces  being  favourable 
for  both. 

From  the  experiments  now  recited,  Mr  Leslie  draws  the 
conclusion,  that  the  calorific  emanation  is  incapable  of 
permeating  solid  substances.  He  farther  infers  that  it  is 
no  subtle  matter  projected  in  right  lines  with  velocity,  but 
is  merely  the  ambient  air  ; and  on  this  assumption  ex- 
plains the  phenomena  of  radiant  caloric.  The  surface  of 
the  heated  body,  he  observes,  communicates  increased 
temperature  to  the  portion  of  air  in  contact  with  it ; this 
layer  of  air  is  expanded,  and  presses  on  the  portion  before 
it.  This  is  successively  but  rapidly  renewed  ; a chain  of 
undulations  is  propagated  to  the  mirror,  reflected  and  con- 
centrated in  its  focus,  and  each  pulsation  being  accom- 
panied by  a discharge  of  the  caloric  by  which  the  expan- 
sion exciting  it  had  been  produced,  the  calorific  effect  is 
conveyed.  When  caloric  is  to  be  propagated  through  a 
solid  body,  it  successively  dilates  the  several  portions  of 
matter  which  it  encounters  in  its  progress ; but  from  the 
resistance  it  experiences,  its  expansive  energy  is  weakened, 
and  its  progress  is  therefore  slow.  In  an  elastic  fluid, 
like  air,  Mr  Leslie  conceives  that  there  is  little  obstacle 
of  this  kind  ; each  atmospheric  wave,  in  communicating  a 
pulsation  to  the  air  before  it,  discharges  with  that  pulsa- 
tion its  excess  of  caloric,  and  hence  the  whole  is  conveyed 
with  the  greatest  velocity. 

On  this  hypothesis  it  is  obvious  that  the  higher  the  tem- 
perature of  the  surface  is  from  which  the  effect  common- 
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ces,  the  more  must  the  atmospheric  air  be  heated,  the  ex- 
pansion will  be  greater,  or  will  be  more  rapidly  renewed, 
and  hence  the  calorific  emanation  will  appear  to  be  great- 
er. The  effect  of  different  kinds  of  surface  at  the  same 
temperature  radiating  apparently  different  quantities  of 
caloric,  Mr  Leslie  supposes  to  arise  from  the  more  or 
less  perfect  contact  of  atmospheric  air  with  these  surfaces; 
those  with  which  the  air  can  come  into  closest  contact 
will  communicate  to  it  the  largest  quantity  of  caloric,  or 
will  communicate  it  most  rapidly ; and  from  them,  there- 
fore, the  calorific  emanation  at  a given  temperature  will 
appear  to  be  greatest : for  the  same  reason,  such  surfaces 
will  be  those  which  absorb  most  readily  the  heat  conveyed 
to  them.  And,  lastly,  on  the  same  hypothesis,  the  effect 
of  skreens  interposed  between  the  hot  body  and  the  mir- 
ror is  explained  ; they  always  arrest  a part  of  the  calorific 
radiation  by  intercepting  the  chain  of  pulsation  •,  but  be- 
ing capable,  to  a certain  extent,  of  putting  the  atmosphe- 
ric air  into  such  a state,  they  still  propagate  it  in  part, 
and  those  which  do  so  to  the  greatest  extent  must  be  those 
which  are  best  adapted  to  excite  originally  such  undula- 
tions ; a conclusion  which  corresponds  with  the  fact. 

Were  even  the  inference  just,  on  which  this  hypothesis 
rests, — that  no  portion  of  radiant  heat  passes  through  a 
skreen  interposed  between  the  heated  body  and  the  ther- 
mometer, and  that  any  effect  apparently  produced  in  the 
latter  is  owing  merely  to  the  temperature  of  the  skreen 
being  raised,  and  to  its  acquiring  from  this  the  power  of 
discharging  the  calorific  emanation  ; still  the  conclusion 
would  not  follow,  that  the  air  is  the  vehicle  of  communica- 
tion ; for  it  may  equally  be  assumed,  on  the  hypothesis  of 
rays  of  caloric  being  actually  projected,  that  the  substance 
of  the  skreen  at  one  surface  intercepts  the  calorific  rays ; 
that  by  this  its  temperature  is  raised,  and  it  begins  to  ra- 
diate caloric  from  the  other,  in  quantity  proportioned  to 
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to  the  power  of  the  iiitci  })oscd  substance  of  absorbing  and 
emitting  caloric.  The  explanation  on  citiier  hypothesis 
may  in  fact  be  the  same.  The  effect  on  the  thermometer, 
when  a skreen  is  interposed,  may  be  ascribed  to  tlie  in- 
terposed substance  receiving  caloric  at  the  one  surface, 
and  discharging  it  at  the  otlier,  whether  the  caloric  con- 
veyed to  it  on  the  one  side,  or  discharged  from  it  on  the 
other,  be  supposed  to  bo  propagated  by  pulsations  in  the 
atmosphere,  or  by  actual  projection  ol  calorific  particles. 
And  on  either  doctrine,  those  substances  which  are  best 
disposed  to  receive  caloric  on  the  one  hand,  and  give  it 
out  on  the  other,  such  as  glass  or  paper,  will  be  those 
which  will  admit  of  the  greatest  effect  being  produced  on 
the  thermometer,  while  those  which  are  least  adapted  to 
receive  or  to  radiate  caloric,  as  metals,  will  be  those  least 
capable  of  propagating  either  the  pulsation,  or  the  calori- 
fic emanation. 

But  farther,  the  conclusion  which  Mr  Leslie  drew  from 
liis  experiments,  and  on  which  his  hypothesis  rests, — 
that  the  effect  of  radiant  heat  is  not  transmitted  from  the 
heated  body  to  the  thermometer  tJirough  an  interposed 
skreen  unless  the  temperature  of  the  skreen  is  raised,  it  now 
appears  is  not  just.  Mr  Leslie’s  lacts  no  doubt  prove  that 
the  thermometer  maybe  affected  by  the  temperature  of  the 
skreen,  as  in  the  case  of  the  compound  skreen  with  its  glass 
surfaces,  and  this  more  especially,  as  Dr  Maycock  observed, 
when  a single  mirror  is  used,  as  the  skreen  is  then  at  no 
great  distance.  And  also  when  the  temperature  of  the 
radiant  body  is  not  high,  the  effect  from  the  direct  trans- 
mission may  be  so  inconsiderable  as  not  to  be  apparent, 
particularly  when  it  is  counteracted  by  a low  temperature 
in  the  skreen,  as  is  the  case  in  Mr  Leslie’s  experiment  of 
employing  a sheet  of  ice.  But  these  results  do  not  at  all 
invalidate  the  reverse  proposition,  that  the  thermometer 
may  be  affected  by  transmission  through  the  skreen,  inde- 
pendent of  any  elevation  of  temperature  in  the  latter.  And 
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that  this  is  actually  the  fact  is  proved  by  the  experiments 
of  Maycock,  Prevost  and  Delaroche,  already  stated.  Now, 
as  the  skreen  can  only  act  if  the  air  is  the  medium  ot  the 
conveyance  of  radiant  heat  in  proportion  to  its  elevation 
of  temperature,  this  fact  is  altogether  subversive  of  Mr 
Leslie’s  opinion,  while  it  is  sufficiently  conformable  to  the 
tloctrine  that  rays  of  caloric  are  projected  from  the  heated 
body. 

Neither  are  the  other  phenomena  of  radiant  heat  satis- 
factorily explained  on  the  hypothesis  that  the  air  is  the  me- 
dium of  communication.  The  leading  phenomenon,  the 
velocity  of  communication,  appears  in  particular  to  be  im- 
perfectly accounted  for.  Mr  Leslie  admits,  that  it  can- 
not be  supposed,  that  a succession  ol  heated  particles  ol 
air  move  from  the  hot  body,  and  impinge  on  the  body  the 
temperature  of  which  is  raised.  Neither  is  it  imagined, 
that  by  a chain  of  undulations,  the  portion  of  air  heated 
and  exj)anded  at  the  hot  surface  changes  its  place,  is  moved 
forwards,  reaches  the  thermometer,  and  is  succeeded  by  a 
new  wave  of  heated  air,  which  observes  the  same  motion. 
Thesupposition  is,  that  by  theheated  body,  the  air  is  thrown 
into  oscillations  or  undulations;  that  these,  continually  re- 
newed at  its  surface,  are  propagated  in  a right  line,  and 
that  at  each  undulation  the  caloric  is  discharged,  so  as  to 
be  conveyed  forward  with  the  same  velocity  But,  while 
such  undulations  might  be  excited,  by  what  agency  is  this 
transfer  of  caloric  effected  ? Suppose  a layer  of  air  to  re- 
ceive heat  from  the  hot  body,  and  to  be  expanded,  from 
this  expansion  it  may  press  on  the  contiguous  layer;  but 
it  seems  no  necessary  or  even  probable  conclusion,  tliat 
while  it  impresses  this  motion,  it  shall,  at  the  same  time, 
discharge  the  heat  it  had  received  : Or,  U there  is  any  ne- 
cessary connection  between  these  events,  in  consequence 
of  which  the  one  shall  accompany  the  other,  how  is  the 
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slow  communication  of  caloric  through  aerial  fluids  to  be 
explained  ? 

Lastly,  Mr  Leslie’s  explanation  is  incompatible  with  the 
results  of  the  experiments  of  Herschel  and  Englefield,  as 
to  the  existence  of  a calorific  matter  in  the  solar  rays. 
These  prove  the  existence  of  radiant  caloric  as  a distinct 
matter,  capable  of  rapid  projectile  motion,  and  must  be  re- 
garded as  affording  proof  of  the  truth  of  the  common  opi- 
nion ; or  at  least  they  prove  that  rays  may  exist  analogous 
to  light  in  their  physical  properties,  capable  of  exciting  heat 
without  illumination,  and  such  rays  may  certainly  be  pro- 
jected from  heated  bodies. 

There  is  still,  however,  some  difficulty  with  regard  to  the 
common  theory  of  radiant  heat.  The  existence  even  of 
caloric  as  a distinct  material  substance  is  doubtful,  and 
were  it  admitted  we  never  clearly  trace  it  in  an  insulated 
state.  It  exists  always  in  other  bodies  ; it  remains  quies- 
cent in  them  while  temperature  is  in  equilibrium  j when  this 
is  subverted,  it  is  conveyed,  by  direct  communication  by 
some  medium,  from  the  hotter  to  the  colder  body,  propor- 
tional to  their  difference  of  temperature  ; and  there  is  some 
difficulty  in  conceiving  any  cause  how  a portion  of  it  should 
be  discharged  in  a state  of  rapid  projectile  motion.  The 
relation  which  to  a certain  extent  is  apparent  between  ra- 
diant heat  and  light  adds  to  the  difficulty.  The  calorific 
rays  which  exist  in  the  solar  beam,  though  incapable  of 
producing  illumination,  have  all  the  physical  properties  of 
the  rays  of  light,  observe  the  same  laws  of  reflection  and 
refraction,  and  are  onlv  inferior  to  a certain  extent  in  their 
power  of  penetrating  transparent  bodies;  hence  the  opi- 
nion may  be  advanced  as  not  improbable,  that  they  are  of 
the  same  nature  as  light,  only  with  less  projectile  force,  or 
existing  under  some  other  modification  which  renders  them 
incapable  of  affecting  the  organ  of  vision.  From  these  so- 
lar calorific  rays,  there  is  a kind  of  transition  to  the  rays 
projected  from  heated  bodies,  displayed  in  the  fact,  that  the 
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latter  differ  in  their  projectile  power,  according  to  the 
temperature  at  which  they  are  thrown  off,  those  discharg- 
ed at  a high  heat  penetrating  transparent  media  with  more 
facility  than  those  which  emanate  at  a lower  temperature. 
We  thus,  in  some  measure,  trace  the  gradation  into  quies- 
cent caloric;  while  the  facts,  on  the  one  hand,  that  the  dis- 
charge by  radiation  from  bodies  reduces  their  temperature, 
and,  on  the  other,  that  the  whole  excess  of  heat  in  a body 
may  be  abstracted  from  it  without  any  radiation  by  direct 
communication  to  another,  equally  prove  that  the  principle 
discharged  by  radiation  and  by  slow  communication  is 
precisely  the  same.  Yet  caloric  in  the  state  in  which  it 
remains  in  bodies  producing  temperature,  and  its  effects, 
expansion,  fluidity,  &c.  is  so  different  in  all  its  laws  from 
light,  and  there  is  so  much  obscurity  with  regard  to  any 
conceivable  operation  by  which  it  should  assume  these 
different  modifications,  that  the  whole  subject  must  be  re- 
garded as  very  imperfectly  understood.  Dr  Hutton  ad- 
vanced an  hypothesis,  that  radiant  heat  is  light  in  a state  in- 
capable of  exciting  illumination,  founded  on  the  inference, 
that  as  the  heating  power  of  the  different  species  of  visible 
light  is  not  proportional  to  their  power  of  exciting  vision, 
there  may  be  a species  of  light  capable  of  exciting  tem- 
perature, without  being  luminous  *.  This,  however,  is 
vairue;  it  does  not  account  for  the  relation  of  radiant  caloric 
to  quiescent  caloric;  nor  for  the  fact,  that  radiant  caloric 
has  none  of  the  chemical  properties  of  light;  and  it  is  even 
doubtful  if  light  apart  from  caloric  has  any  heating  power. 
W^ere  the  materiality  of  caloric  established,  the  hypothesis 
might  not  be  an  improbable  one,  that  the  calorific  rays  are 
composed  of  light  and  caloric  ; that  this  combination  may 
take  place  in  different  proportions,  so  as  to  give  rise  to 
different  degrees  of  energy  predominant  in  the  one  or  the 
other,  and  may  extend  even  to  the  different  rays  of  visible 
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light,  which  dilFcr  in  the  degree  in  which  tliey  excite  lieaf. 
Hut  till  such  speculations,  it  must  he  acknowlcd<T^ed.  are 
deficient  in  precision,  and  rest  on  no  satisfactory  evidence. 
1 he  subject  will  fall  to  be  farther  considered  under  the 
history  of  light. 

1'  rom  the  experiments  I have  stated,  it  appears,  that  ca- 
loric is  diffused  over  matter  in  two  modes.  One  portion 
is  thiown  from  the  surface  of  bodies  in  right  lines,  with 
the  greatest  velocity,  while  another  is  more  slowly  diffus- 
ed, by  communication  from  particle  to  particle,  until  an 
equilibrium  of  temperature  is  established.’ 

It  is  of  importance  to  discover  what  is  the  relation  be- 
tween these  two  modes.  By  comparing  the  experiments 
on  the  radiating  powers  of  bodies,  with  those  on  their  con- 
ducting powers,  it  appears  to  me  that  the  proposition,  that 
they  are  inversely  as  each  other,  is  nearly  just.  Thus  the 
metals  aie  the  best  conductors,  but  thev  are  least  pow’erful 
in  ladiating;  glass  radiates  pow'erfully,  while  it  conducts 
imperfectly.  A spongy  covering  diminishes  the  conduct- 
ing power,  while  it  augments  the  radiation.  Nor  is  there 
merely  this  general  coincidence  ; it  is  farther  confirmed  in 
more  minute  differences.  According  to  Mr  Leslie’s  ex- 
periments, the  radiating  power  of  lead  being  as  19°,  that 
of  iron  is  15^  and  of  tin  12°*;  but  according  to  the  ex- 
periments of  Ingenhouz,  already  quoted,  and  which,  in 
determining  this  question,  are  to  be  preferred  to  Rich- 
man’s,  as  the  conducting  was  ascertained  apart  from  the 
radiating  power,  leatl  is  the  worst  conductor,  iron  is  su- 
perior to  it,  and  tin  again  is  superior  to  iron. 

It  is  difficult  to  discover  what  proportion  the  caloric 
discharged  by  radiation  from  a body  suffering  reduction  of 
temperature  bears  to  that  which  it  gives  out  by  slow  com- 
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munication.  On  this  interesting  subject,  some  experiments 
have  been  made  by  Leslie,  and  some  similar  have  been 
added  by  Rumford. 

That  the  slow  communication  of  caloric  to  the  surround- 
ing medium  has  an  important  share  in  the  cooling  ol  bo- 
dies, is  evident  from  the  fact,  that  the  celerity  of  cooling 
is  different,  according  to  the  nature  of  that  medium ; be- 
ino-  o-reater  or  less,  as  the  matter  in  contact  with  the  hot 
body  is  a better  or  worse  conductor  of  caloric.  A ther- 
mometer at  a high  temperature  being  suspended  in  the 
Torricellian  vacuum,  the  time  of  its  cooling,  from  190° 
to  68°,  was  found  by  Rumford  to  be  10'  T2",  When 
surrounded  with  atmospheric  air  confined  in  a vessel  hav- 
ing the  same  space  as  the  vacuum,  the  time  of  cooling  the 
same  extent  was  only  6'  1 1".  If  plunged  in  water,  it  would, 
from  the  general  result  of  his  experiments,  have  cooled  in 
1'  57",  and  in  quicksilver  in  not  more  than  36"*.  And 
in  these  cases  it  is  also  found,  that  the  different  substances 
have  suffered  different  augmentations  of  temperature,  and 
have  therefore  influenced  the  cooling  by  their  different 
conducting  powers.  Here  it  is  obvious  that  the  surround- 
ing matter,  though  it  might  impede  the  radiation,  has  on 
the  whole  accelerated  the  cooling. 

The  same  fact  is  demonstrated  by  the  effect  of  a current 
of  air  in  accelerating  refrigeration.  Mr  Leslie  exposed 
two  tin  globes,  filled  with  warm  w'ater,  the  surface  of  one 
being  painted  with  lamp-black,  that  of  the  other  being  un- 
covered, to  air  in  different  states  of  motion.  When  ex- 
posed to  a gentle  breeze,  the  unpainted  globe  lost  half  its 
heat  in  minutes,  the  painted  one  half  its  heat  in  35'. 
When  exposed  to  a strong  breeze,  the  times  were  23'  and 
2O4',  and  to  a vehement  breeze  only  9^'  and  9'  f . 7 he 
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atmospheric  current  could  not  accelerate  the  radiation, 
but  it  would  the  slow  abstraction,  by  removing  more  quick- 
ly the  heated  air,  and  applying  a fresh  portion  at  a lower 
temperature. 

The  effect,  on  the  other  hand,  of  the  radiation  from  a 
hot  body  on  its  cooling,  has  been  ascertained  by  Mr  Leslie, 
by  observing  the  time  of  cooling  in  vessels,  the  surfaces  of 
which  radiated  unequally.  A hollow  globe  of  tin,  filled 
with  warm  water,  was  exposed  to  the  air  of  a room,  the 
temperature  of  which  was  15  of  the  centigrade  scale;  it 
sunk  from  35°  to  25°  of  that  scale,  in  156  minutes.  It  was 
coated  with  lamp-black,  and  on  repeating  the  experiment, 
the  time  requisite  for  the  same  extent  of  cooling  was  only 
8 1 minutes.  The  experiment  shews  clearly  the  superiority 
of  radiation  to  slow  evolution  in  reducing  temperature, 
since  when  the  globe  was  covered  with  a substance  which 
is  a bad  conductor,  instead  of  cooling  more  slowly,  it  cool- 
ed faster,  from  this  covering  promoting  radiation. 

This  proportion,  however,  will  not  be  the  same  at  all 
temperatures.  The  cooling  of  a body  in  atmospheric  air 
is  accelerated  by  the  current  foi-med  from  the  expansion 
the  air  suffers  by  its  temperature  being  raised.  Now,  at 
high  temperatures,  the  contiguous  air  being  more  quick- 
ly heated  than  at  lower  temperatures,  this  current  ascend- 
ing from  the  heated  body  will  be  more  rapid,  and  will 
therefore  have  a greater  effect  in  reducing  its  tempera- 
ture. Accordingly,  by  repeating  the  experiment  at  a 
higher  temperature,  (80  degrees  above  that  of  the  sur- 
rounding atmosphere,)  Mr  Leslie  found  the  proportion 
different : the  respective  rates  of  cooling  of  the  unpainted 
and  the  painted  ball,  which  by  the  former  experiment 
were  as  I 3°  to  25°,  were  now  as  13°  to  19° ; and  from  the 
two  he  established  the  general  result,  “ that  at  low  tem- 
peratures the  portion  of  heat  dissipated  from  a painted 
surface  by  the  repetition  of  aerial  contact,  is  somewhat 
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less,  and  in  high  temperatures  considerably  greater  than 
what  is  spent  by  radiation 

Similar  differences  are  found  to  exist,  when  experiments 
are  made  on  a metallic  vessel,  and  on  the  same  vessel 
coated  with  isinglass  or  covered  with  paper,  or  on  a ther- 
mometer, with  its  bulb  uncovered,  and  covered  with  gild- 
ing. And,  lastly,  the  general  effect  of  radiation  in  cool- 
ing bodies  is  shewn  by  the  striking  fact,  that  the  pecu- 
liar nature  of  the  surface  has  no  effect  on  the  celerity  of 
cooling,  when  the  body  is  immersed  in  water ; the  un- 
painted and  the  painted  globe,  foi'  example,  it  was  ascer- 
tained by  Mr  Leslie,  losing  their  heat  in  water  with  the 
same  facility  f,  the  radiation  of  caloric  not  taking  place, 
when  the  body  is  immersed  in  a liquid,  and  hence  its  cool- 
ing must  be  effected  entirely  by  the  slow  evolution  of  ca- 
loric, and  must  be  dependent  partly  on  the  'conducting 
power  of  the  fluid,  and  partly  on  its  expansibility  and 
mobility,  by  which  its  internal  motions  will  be  regulated. 

The  effect  of  these  circumstances  in  accelerating  refri- 
geration, affords  applications  of  importance  in  practical 
chemistry,  and  some  singular  facts  with  regard  to  it  have 
been  discovered  by  Mr  Leslie,  particularly  on  the  times 
of  cooling  in  vessels,  the  surfaces  of  which  are  variously 
altered  L 

A tin  vessel  filled  with  boiling  water,  cooled  from  60  to 
SO  decrees  of  the  centigrade  scale  in  81  minutes.  When 
the  sides  were  rubbed  with  quicksilver  it  cooled  to  the 
same  extent  in  78'.  The  clean  instrument  sunk  from  30® 
to  15°  above  the  temperature  of  the  air  of  the  room  in 
108' ; when  rubbed  over  with  oil  in  87' ; and  when  cover- 
ed with  bibulous  paper  soaked  in  oil  in  58'.  The  metal- 
lic vessel  filled  with  warm  water  sunk  from  20°  to  10° 
above  the  temperature  of  the  room  in  117';  when  covered 
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with  a pellicle  of  isinglass,  it  cooled  more  qiiickl}’,  and 
that  with  a celerity  proportioned  to  the  thickness  of  the 
pellicle : with  one  calculated  to  be  the  50.000th  of  an 
inch  thick,  it  sunk  to  the  same  extent  in  101',  with  one 
the  10.000th  in  82',  with  one  equal  to  the  1.000th  in  63', 
and  with  one  equal  to  the  300th  in  61'.  These  results 
arc  striking,  since  the  coverings  given  to  the  surfaces 
must  have  impaired  the  conducting  faculty,  but  this  was 
more  than  compensated  for,  by  the  increase  they  gave  of 
radiating  power.  If,  however,  these  additional  coverings 
be  made  too  thick,  they  may  counterbalance  the  increased 
radiation,  by  acting  as  an  imperfect  conducting  medium. 
This  is  evident  from  an  experiment  of  Pictet,  in  which 
the  bulb  of  a thermometer,  blackened  by  being  held  over 
the  flame  of  a candle,  w'as  more  quickly  heated  than  when 
clear,  but  instead  of  cooling  faster,  it  cooled  more  slowly, 
in  the  proportion  of  5 to  6,  tlic  thickness  of  the  covering 
impeding  the  discharge  by  communication,  more  than  it 
augmented  that  by  radiation. 

Similar  results  were  established  by  Rumford.  Thus  a 
metallic  cylindrical  vessel,  with  its  sides  bright,  and  filled 
with  warm  water,  requiring  55  minutes  to  cool  a certain 
extent,  a similar  vessel,  when  its  sides  were  covered  with 
linen,  cooled  to  the  same  extent  in  36^  minutes  *,  when 
covered  w ith  a coating  of  glue,  it  cooled  in  minutes, 
and  when  an  additional  coating  w^as  put  upon  it,  in 
37|.  Varnishing  the  surfaces  had  the  same  effect,  the 
maximum  being  at  4-  coatings,  when  it  cooled  in  30|-  mi- 
nutes. A covering  of  lamp-black  caused  it  to  cool  in 
34  *.  His  experiments  appear  also  to  prove,  that  water 
in  vessels  of  different  metals  cools  with  the  same  celerity. 
Plis  standard  vessel  was  of  brass ; and  repeating  the  expe- 
riment with  it  covered  with  gold  and  silver  leaf,  and  in 
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similar  vessels  of  lead  and  tinned  iron,  the  times  of  cooling 
were  in  all  of  them  the  same  Me  concluded  that  the  dif- 
ferent metals  have  the  same  radiating  power ; but  even 
admitting  this,  they  differ  in  conducting  power,  apd  this 
ought  to  give  rise  to  a difference  in  the  celerity  of  cooling. 
It  appears,  too,  from  Mr  Leslie’s  experiments,  that  the 
metals  differ  in  their  radiating  power,  and  by  this  the 
results  must  be  varied.  Perhaps  these  experiments  throw 
light  on  each  other.  We  have  seen  reason  already  to 
conclude,  that  the  radiating  is  inversely  as  the  conducting 
power,  and  they  may  therefore  counterbalance  each  other; 
so  that  in  vessels  of  different  metals,  the  times  of  cooling 
may  be  nearly  the  same.  The  assertion,  however,  that 
the  different  metallic  vessels  allow  water  to  cool  with  the 
same  celerity,  is  inconsistent  with  the  experiments  of  Rich- 
man  already  quoted,  on  the  celerity  with  w'hich  the  ther- 
mometer cools,  when  its  ball  is  incased  in  globes  of  the 
different  metals. 

The  applications  of  the  above  facts,  as  suggesting  the 
means  of  accelerating  refrigeration,  are  obvious.  Some 
have  been  particularly  pointed  out  by  Count  Rumford. 
Polished  metallic  surfaces  being  those  which  radiate  the 
least  quantity  of  caloric,  in  cases  where  it  is  wished  to  pre- 
vent a liquid  from  cooling  quickly,  the  end  will  be  better 
attained  by  confining  it  in  a metallic  vessel,  the  surface  of 
which  is  bright,  than  if  it  were  covered  with  any  matter, 
as,  on  the  supposition  of  impairing  its  conducting  power, 
might  be  done.  On  the  other  hand,  in  order  that  a 
liquor  may  cool  as  speedily  as  possible,  the  external  sur- 
face of  the  vessel  should  be  painted  or  blackened.  Me- 
tallic tubes,  for  conveying  or  confining  steam,  without 
condensing  it,  as  those  used  in  the  steam  engine,  should 
be  kept  clean  and  bright  on  their  external  surface,  while, 
if  our  object  is  to  condense  the  steam  quickly,  as  in  heat- 
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ing  rooms  by  it,  they  ought  to  be  painted  or  covered 
with  any  substance  which  radiates  caloric  abundantly*. 

The  times  of  refrigeration  of  bodies  were  found  by  Mr 
Leslie  to  be  different  in  different  elastic  fluids,  and  in  the 
same  air  in  different  states  of  density.  In  reducing  tem- 
perature, oxygen  and  nitrogen  gases  appear  to  be  nearly 
equal.  But  carbonic  acid  gas  abstracts  the  heat  from  a 
vitreous  surface  about  an  eighth  part  slower,  and  from  a 
surface  of  rnetal  one-fourth  slower  than  common  air.  Hy- 
drogen gas  abstracts  it  much  more  rapidly  ; its  power  in 
takino-  it  from  a vitreous  surface  is  more  than  double  that 

O 

of  atmospheric  air ; and  from  a surface  of  metal  is  nearly 
four  times  greater.  When  the  elastic  fluid  is  rarefied,  its 
power  in  reducing  temperature  is  diminished  f;  These 
differences  have  been  made  the  subject  of  experiment  by 
Mr  Dalton  f,  and  similar  results  established,  as  is  shewn 
by  the  following  table.  A thermometer  cooled  in 

Carbonic  acid  gas,  in  - - - 112" 

Sulphuretted  hydrogen,  nitrous  oxide,  and  olefiant  gas,  100"-|- 


Common  air,  azotic  and  oxygen  gas,  - 100" 

Nitrous  gas,  ...  - 90" 

Carburetted  hydrogen  or  coal  gas,  - 70" 

Hydrogen,  - - - 40" 


In  another  table,  the  power  of  air  in  cooling  bodies,  as' 
connected  with  its  density,  is  shewn. 


Deiliity  of  the  air. 

Therm,  cools  in 

2 - 

- 

85" 

1 - 

- 

- 100" 

1 

1 

- 

- 116" 

JL 

4 

- 

- 128" 

Jf-  - 

s 

- 

- 140" 

1 ^ 

- 

- 160" 

I ^ 

- 170" 

* Philosophical  Transactions  for  1804,  p.  177. 
f Inq.  p.  483.  % New  Syst.  of  Chemical  Philosophy,  p.  118. 
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From  the  effect  on  the  time  of  refrigeration,  in  elastic 
fluids,  on  a metallic  and  vitreous  surface,  Mr  Leslie  infers, 
that  the  differences  among  them  in  causing  refrigeration 
depend  principally  on  their  different  conducting  powers. 
Ihe  discharge  of  heat  from  a hot  body  by  radiation  ap* 
peais  to  be  the  same  in  hydrogen  gas  and  in  atmospheric 
air,  and  is  probably  the  same  in  all  airs. 

From  the  difference  of  calorific  effect  produced  by  ra- 
< diant  heat  on  a vitreous  and  on  a metallic  surface,  Mr 
Leslie  has  adapted  a peculiar  arrangementofhisdifferen- 
itial  thermometer,  to  form  what  he  has  named  a Pyro- 
scope,  or  instrument  capable  of  measuring  the  intensity 
I of  the  heat  discharged  from  a fire.  It  consists  in  having 
tone  of  the  balls  coated  with  thin  silver  leaf,  while  the 
t other  remains  un coated.  The  radiant  heat  is  in  a great 
i measure  reflected  from  the  metallic  surface,  while  it  is 
absorbed  by,  and  produces  the  usual  calorific  effect  on 
the  vitreous  surface  ; the  air  therefore  in  the  glass-ball  is 
heated,  and  the  descent  of  the  liquor  in  the  stem  which 
its  expansion  produces,  gives  a measure  of  the  intensity 
of  the  radiant  heat.  The  instrument  is  equally  adapted 
to  measure  the  impressions  of  radiant  cold. 


Without  separating  the  effects  of  the  various  modes  in 
which  the  temperature  of  a body  is  reduced,  it  is  of  im- 
portance to  know  the  law  it  observes,  and  accordingly  this 
subject — the  actual  rate  of  cooling  of  a body  in  any  me- 
dium, has  often  been  the  subject  of  investigation.  It  is 
obvious,  that  different  bodies  will  cool  with  different  de- 
grees of  celerity,  when  placed  in  the  same  medium  ; and 
likewise,  that  the  same  body  will  cool  with  different  cele- 
rities in  different  media.  But,  independent  of  such  com- 
parative differences,  what  is  the  rate  of  cooling  in  any 


radiation 


body  ill  nny  nicdiiini,  or  wliat  is  tlic  lnw  it  ol)SGr\ps  in 
giving  ofl’ its  caloric  ? 

It  could  not  escape  observation,  that  the  greater  the  dif- 
ference between  the  temperauire  of  a hot  body,  and  that 
of  the  surrounding  medium,  the  more  caloric  does  it  give 
out  in  a certain  time,  and  that  it  cQrnmunicates  less,  or 
cools  more  slowly,  the  nearer  its  temperature  approaches 
to  that  of  the  matter  around  it. 

Newton  seems  first  to  have  investigated  the  law  by 
which  this  is  regulated  *.  From  marking  the  changes  of 
temperature  which  a mass  of  iron,  which  had  been  raised 
to  a red  heat  and  exposed  to  the  atmosphere,  suffered  in 
certain  times,  he  'concluded,  that  the  quantities  of  heat 
lost  by  a body  in  small  portions  of  time  are  proportional 
to  the  excess  of  heat  subsisting  in  it,  or  to  the  excess  of 
its  temperature  above  that  of  the  surrounding  medium. 
Hence,  taking  the  times  in  arithmetical  progression,  the 
decrements  of  temperature  will  be  in  geometrical  pro- 
gression ; and  the  heats  remaining,  considered  as  the  dif- 
ferences between  the  temperature  of  the  body  and  of  the 
surrounding  medium,  will  observe  the  same  law.  This 
law  has  been  generalized,  and  applied  equally  to  the  heat- 
ing of  a body,  by  Richman,  in  consequence  of  his  own 
numerous  experiments,  and  those  of  Kraft,  and  expressed 
in  the  following  terms:  In  the  healing  or  cooling  of  a 
body  exposed  to  a medium,  of  which  the  temperature  is 
constant,  the  times  being  in  arithmetical  progression,  the 
differences  between  its  temperature  and  that  of  the  me- 
dium are  in  geometrical  progression  f.  According  to 
this  law,  therefore,  if  a body  be  supposed  to  have  an  ex- 
cess of  temperature  above  the  surrounding  medium  equal 
to  10  degrees,  in  cooling,  suppose  that  the  first  minute 
it  loses  one  degree,  the  reduction  the  second  minute 


* Philosophical  Transactions  abridged,  vol.  iv,  p.  3. 
f Novi  Comnittnt.  Acad.  Petropolit.  t,  i,  p.  IT'!. 
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i will  still  bear  the  same  proportion  to  the  remaining  ex- 
I cess  ; or  considering  this  now  as  10°,  it  will  be  and 
I thus  proceeding,  the  tenth  part  ol  what  remains  being 
I evolved  each  time,  the  heat  given  out  must  be  unitormly 
I diminishing,  because  the  excess  itself,  of  which  it  is  a con- 
stant part,  is  always  becoming  less. 

Marline  stated,  in  opposition  to  this,  as  the  result  of 
< observations,  “ that  the  decrements  of  heat  are  partly 
e(juable,  and  partly  in  proportion  to  the  subsisting  heats.” 
And  therefore  in  cooling,  taking  the  times  in  arithmetical 
progression,  the  decrements  of  temperature  maybe  resolved 
into  two  series  ; — in  the  one,  and  that  tlie  most  important, 
they  are  in  proportion  to  the  heats  themselves,  or  in  geo- 
metrical progression ; while  in  the  other,  and  less  impor- 
tant series,  the  decrements  are  as  the  times,  or  are  always 
uniform,  that  is,  equal  quantities  of  heat  are  lost  in  equal 
times  *.  This  conclusion  was  formed  by  Martino  princi- 
pally from  the  consideration,  that  were  the  decrements  in 
geometrical  progression,  no  two  bodies  once  unequally 
heated  can  ever  arrive  at  a perfect  equality  ol  toniperaturc; 
nor  could  any  body  heated  above  the  temperature  of  the 
surrounding  medium  ever  truly  arrive  at  that  medium. 
These  corollaries  may  however  betheoretically  true,  though, 
practically,  the  differences  in  temperature,  in  both  cases, 
must  at  length  become  so  minute  as  to  be  inappreciable. 
The  experiments  by  which  Martine  endeavoured  to  sup- 
port the  view  he  gave,  were  made  with  the  complicated 
pyrometer  of  Muschenbroeck,  and  being  obviously  inac- 
curate, no  reliance  can  be  placed  on  any  cor.clusion  drawn 
from  them.  The  law  of  Newton,  therefore,  appears  to  be 
just,  and,  in  particular,  it  appears  to  be  perlcctly  accurate 
where  small  differences  of  tempei'ature  are  observed. 

It  is  so,  however,  only  while  the  condition  holds  of  the 
temperature  of  the  medium  being  constant.  If  the  mo- 


* Essay  on  the  Heating  and  Cooling  of  Bodies,  p.  55. 
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tion  of  the  medium  is  confined,  as  its  temperature  will  then 
increase  as  it  receives  caloric  from  the  hot  body,  the  cool- 
ing of  the  latter  will  be  no  longer  in  equable  proportion. 


In  concluding  the  consideration  of  this  part  of  the  his- 
tory ot  caloric,  I have  to  take  notice  of  a singular  pheno- 
menon, that  of  the  apparent  radiation  of  cold. 

It  was  first  observed  by  the  Florentine  Academicians. 
They  describe  their  experiment  in  the  following  manner : 
“ We  were  desirous  to  try  whether  a concave  speculum, 
exposed  to  a mass  ot  ice  weighing  500  pounds,  would  re- 
flect any  sensible  degree  of  cold  on  a very  delicate  ther- 
mometer of  400  degrees,  placed  in  its  focus.  The  result 
was,  that  the  thermometer  instantly  sunk  : but  a doubt  re- 
mained, whether  the  thermometer  was  acted  on  more  by 
the  direct  cold  of  the  ice,  or  that  reflected  by  the  speculum. 
This  doubt  was  removed  by  covering  the  speculum  ; and 
certain  it  is,  (whatsoever  might  be  the  cause,)  that  the 
spirit  instantly  began  to  rise  again.  Yet  still  we  will  not 
presume  positively  to  affirm,  that  this  rise  might  not  have 
been  owing  to  some  other  cause  than  the  taking  off  the  re- 
flection from  the  speculum,  all  the  precautions  not  having 
been  taken  which  might  be  considered  necessary  to  secure 
absolute  assent  to  the  experiment.” 

Pictet  made  this  experiment  by  placing  in  the  focus  of 
a metallic  mirror,  a matrass  filled  with  snow,  and  in  that 
of  another,  at  the  distance  of  iO^.  feet,  an  air  thermome- 
ter. The  thermometer  indicated  a reduction  of  tempera- 
ture of  several  degrees  ; and  on  removing  the  matrass,  the 
temperature  rose.  On  rendering  the  cold  more  intense, 
by  pouring  nitrous  acid  on  the  snow,  the  thermometer  sunk 
five  or  six  degrees  more  *. 


* Essais  de  Physique,  p.  82. 
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Mr  Leslie  shewed  that  this  radiant  cold  observes,  m 
its  relations  to  diff'erent  bodies,  the  same  laws  as  radiant 
heat.  Like  it,  it  differs  in  intensity  accoaling  to  the  na- 
ture of  the  surface  emitting  it ; and  the  difference  is  of  tlie 
same  nature.  The  cubical  tin  vessel  employed  in  Mr 
Leslie’s  experiments,  being  filled  with  ice,  and  opposed  to 
the  thermometer  in  the  focus  ot  the  mirror,  the  reduction 
of  temperature  was  found  to  be  least  trom  the  metallic  sui- 
face,  greater  from  the  glass  surface,  and  still  greater  when 
the  surface  opposed  had  been  blackened.  1 he  effect  vai  ies, 
too,  according  as  the  surface  of  the  thermometer  is  altei- 
ed;  when  it  is  gilt,  the  diminution  of  temperature  is  very 
inconsiderable,  while,  when  it  is  blackened,  it  is  gi  eater 
than  when  the  glass  surface  is  opposed.  Lastly,  the  na- 
ture of  the  reflecting  surface  gives  rise  to  similar  variations. 
The  eflect  is  greatest  from  the  metallic  surtace,  less  when 
the  mirror  is  of  glass,  and  still  less  when  its  surface  is  covei- 
ed  with  lamp-black.  The  powers  of  these  surfaces,  diere- 
fore,  in  radiating  cold,  in  absorbing  it,  and  in  reflecting  it^ 
are  precisely  the  same  as  their  powers  of  radiating,  ab- 
sorbing, and  reflecting  heat.  Those  which  radiate  it  best 
also  absorb  it  most  readily,  while  these  two  qualities  are 

opposed  to  the  reflecting  power. 

The  effect  from  interposed  skreens,  Mr  Leslie  found  to 
be  also  alike.  If  a sheet  of  tinfoil  be  interposed,  the  action 
of  the  cold  body  on  the  thermometer  is  intercepted  ; by  a 
plate  of  glass,  or  a sheet  of  paper,  it  is  only  diminished, 
more  or  less  so,  according  to  the  distance  from  the  cold 
substance;  and  the  effect  of  blackened  or  compound  skreens 
is  similar  to  their  effect  on  the  radiation  ol  caloric. 

In  these  experiments,  then,  we  have  apparently  the 
emanation  from  a cold  body  ot  a positively  trigoiific  powei, 
which  moves  in  right  lines,  is  capable  ot  being  intercepted, 
reflected  and  condensed,  and  of  producing,  in  its  conden- 
sed state,  its  accumulated  cooling  power  ; and  they  appear 
equally  conclusive  in  establishing  the  existence  of  radiant 
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cold,  as  the  other  experiments  are  in  establishing  the  exis- 
tence of  radiant  heat.  The  hypothesis,  however,  of  a fri- 
goritic  pi  inciple,  has  been  banished  from  modern  philoso- 
phy, since  there  was  no  proof  of  its  existence,  independent 
at  least  of  the  present  experiments;  and  the  phenomena, 
with  the  exception  of  those  which  the}'  present,  are  ex- 
plained with  more  simplicity,  and  in  a manner  more  satis- 
factory from  the  abstraction  of  caloric.  It  becomes  there- 
fore a problem  of  some  interest  to  give  an  explanation, 
which  shall  accord  with  the  doctrine,  that  cold  is  simply 
the  negation  of  heat.  Two  explanations  have  been  ad- 
vanced ; one  by  Pictet,  the  other  by  P.  Prevost.  In  both, 
caloric  is  supposed  to  escape  by  radiation  from  the  bulb 
of  the  thermometer,  and  to  this  the  diminution  of  its  tem- 
perature is  ascribed. 

The  principle  on  which  the  explanation  given  bv  Pre- 
vost rests,  is,  that  caloric  is  radiated  from  all  bodies  at  all 
temperatures,  the  quantity  radiated  being  greater  as  the 
temperature  is  high.  When  therefore  a body  is  placed 
in  the  focus  of  the  one  mirror,  whose  temperature  is  supe- 
rior to  that  of  the  thermometer  in  the  focus  of  the  oppo- 
site mirror,  though  the  ball  of  the  thermometer  is  radiat- 
ing caloric,  yet  the  hot  body  opposed  to  it  givingout  more 
caloric  in  the  same  mode,  and  this  being  reflected  on  it  by 
the  mirror,  the  temperature  of  the  thermomeicr  must  rise. 
When  both  the  body  in  the  focus  and  the  thermometer 
are  at  the  same  temperature,  neither  suffers  any  change, 
because  the  quantity  emitted  from  each  being  the  same, 
and  the  refl<  ction  and  condensation  by  the  mirrors  being 
alike,  each  receives  as  much  as  it  gives  out.  But  w’hen  the 
temperature  of  the  body  placed  before  the  mirror  is  inferior 
to  that  of  the  thermometer  in  the  focus  of  the  other,  though 
It  is  still  radiating  caloric,  tlie  quantity  is  inferior  to  what 
the  thermometer  radiates  ; the  latter  therefore  receives  less 
than  it  gives,  and  of  course  its  temperature  must  fall  *. 


* Recherches  sur  la  Chaleur,  p.  15. 
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This  explanation  appears  at  first  view  not  unsatisfac- 
tory ; but  it  will  be  found  deficient  when  applied  to  all  the 
phenomena,  and  in  particular  appears  inconsistent  with 
the  effects  of  different  surfaces  in  radiating  cold.  The 
principle  is,  that  the  cold  surfiice  is  radiating  caloric  to- 
wards the  thermometer,  only  in  smaller  quantity  than  the 
thermometer  radiates  to  it.  Of  course,  of  different  sur- 
faces, which  at  a given  temperature  radiate  different  quan- 
tities of  caloric,  that  which  radiates  least  must  be  least 
powerful  in  returning  caloric  to  the  thermometer,  and  must 
therefore  have  least  effect  in  counteracting  the  reduction 
of  its  temperature,  in  other  words  must  produce  the  great- 
est cold.  A blackened  surface,  we  have  seen,  is  that  w-hich, 
at  a given  temperature,  radiates  the  largest  quantity  of  ca- 
loric, and  a metallic  surfacethat  which  radiates  least.  Were 
Prevost’s  explanation  just,  therefore,  the  blackened  sur- 
face is  the  one  which,  in  the  experiment  on  radiant  cold, 
ought  to  produce  the  least  cooling  effect,  and  the  metallic 
surface  the  greatest,  because  the  former  gives  off  more  ca- 
Ipric  by  radiation  than  the  latter.  But  the  fact  is  the  re- 
verse; the  cold  being  greatest  w'hen  the  blackened  surface, 
and  least  when  the  metallic  surface,  is  opposed  to  the  mir- 
ror. This  has  been  attempted  to  be  obviated  by  the  ob- 
servation, that  the  effect  of  reflection  by  these  surfaces  must 
be  taken  into  account.  Mr  Davenport,  in  reply  to  the 
argument  1 have  urged,  remarked,  that  although  a black- 
ened surface  is  superior  in  radiating  power,  it  is  inferior 
in  reflecting  power  compared  with  a metallic  surface; 
while  a metallic  surface,  though  it  radiates  less,  reflects  as 
much  as  it  fails  to  radiate.  When  a cannister  with  these 
surfaces,  therefore,  is  filled  with  a freezing  mixture,  and 
opposed  to  a thermometer ; in  consequence  of  the  low  tem- 
perature the  blackened  surface  has  lost  a portion  of  its  in- 
tensity of  radiation;  the  polished  surface  has  lost  none  of 
its  power  of  reflection  : the  two  surfaces,  therefore,  have 
suffered  unequal  diminutions  in  those  pow'ers  of  returning 
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to  the  thermometer,  which  before  were  equal ; the  radiat- 
ing surface  has  lost  more  than  the  reflecting  surface,  and 
hence  the  thermometer  under  the  action  of  the  former  re- 
ceives less  return  than  under  that  of  the  latter;  and  it  there- 
fore suffers  a greater  reduction  of  temperature  *. 

But  in  this  argument  too  much  is  ascribed  to  the  effect 
of  reflection,  and  too  little  to  the  effect  of  radiation. 
When  the  temperature  of  the  sides  of  the  cannister  has 
been  reduced  by  the  freezing  mixture  it  contains,  the  clean 
metallic  surface  has  lost  a portion  of  its  intensity  of  radia- 
tion, as  well  as  the  blackened  surface  ; and  at  any  tem- 
perature the  blackened  surface  radiates  more  caloric  than 
the  clean  surface  does  at  the  same  temperature.  It  re- 
turns, therefore,  more  caloric  to  the  thermometer  than  the 
other  does,  and  hence  ought  to  produce  less  cold  ; or,  at 
least,  allowing  all  the  effect  that  can  be  ascribed  to  dif- 
ference of  reflection,  no  cause  is  assigned  why  it  produces 
a greater  degree  of  cold  f. 


* Annals  of  Philosophy,  vol.  v,  p.  3f2. ; vi,  379. ; vii,  22f. 
SOS. ; viii,  254-. 

t The  following  statement  of  the  argument,  different  some- 
what from  that  above,  has  been  also  given  me.  “ Jt  may  be 
granted  to  Prevost,  that  a surface  of  metal  which  is  not  capable 
of  discharging  much  of  its  heat,  may  from  the  same  reason  re- 
flect back,  or  refuse  to  receive  part  of  the  heat  which  is  throw  n 
upon  it.  And,  on  the  contrary,  that  when  heat  is  throwm  up- 
on a vitrified  surface,  which  does  not  oppose  the  passage  out 
of  caloric  from  a body,  it  may  from  the  same  reason  admit  of 
its  entrance  into  the  body.”  While  this  may  be  admitted, 
however,  and  would  be  satisfactory  if  the  caloric  discharged 
from  the  two  surfaces  of  the  cold  cannister  were  the  same,  it 
is  to  be  recollected  that  the  vitreous  surface  is  at  a given  tem- 
perature discharging  much  more  caloric  than  the  metallic  one 
to  the  thermometer  in  the  focus  of  the  mirror;  and  taking  this 
into  account,  a much  greater  degree  of  cold  ought  certainly 
not  to  be  produced  from  the  former  than  from  the  latter. 
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A diiierent  explanation  was  proposed  by  Pictet.  The 
radiation  ot  caloric,  he  conceives,  is  owing  to  the  equili- 
brium of  tension  in  the  calorific  fluid,  in  a system  of  bo- 
dies, being  subverted.  Wlien  a number  of  contiguous  bo- 
dies are  at  the  same  temperature,  there  is  no  radiation  of 
caloric  among  them  ; because  throughout  the  whole,  the 
caloric  exists  in  this  equality  of  tension  or  elasticity,  and  a 
resistance  is  every  where  opposed  to  its  radiating  from  any 
particular  point.  But  if  one  at  a lower  temperature  be  in- 
troduced, the  balance  is  subverted,  and  caloric  begins  to 
radiate  from  all  of  them,  until  its  temperature  is  raised  to 
an  equality  with  theirs.  On  this  assumption  the  experi- 
ment of  radiant  cold  is  thus  explained.  Suppose,  says 
Pictet,  the  mirrors  A and  B,  (fig.  89.  PL  IV,)  placed  in  a 
chamber  of  a certain  temperature,  with  a thermometer  in 
the  focus  of  the  mirror  A,  while  the  focus  of  B is  occu- 
pied by  a portion  of  the  air  of  the  chamber.  Every  heat- 
ed body  is  in  a forced  state,  the  caloric  accumulated  in  it 
having  a tendency  to  escape.  If  therefore  the  thermome- 
ter were  elevated  in  temperature,  however  little  this  might 
be,  its  caloric  would  have  a tendency  to  pass  oflj  and  it 
would  be  diffused  around  as  a radiating  emanation,  a con- 
siderable portion  of  which  falling  on  the  mirror  A,  would 
be  reflected  from  it  in  parallel  rays  to  the  opposite  mirror 
B,  and  reflected  again  from  this  so  as  to  converge  in  its 
focus.  This  however  is  prevented,  if  the  air  in  the  focus 
of  B is  at  the  same  temperature  with  the  thermometer  at 
A ; for  the  caloric  which  it  contains  is  at  the  same  degree 
of  tension,  and  resists  the  escape  of  the  latter  with  the 
same  force  as  that  which  it  exerts  to  radiate  to  B.  But 
if  in  the  focus  of  B,  a body  colder  than  the  thermometer 
in  the  focus  of  A,  such  as  a mass  of  ice  or  snow,  is  placed  ; 
then  the  equality  ot  tension  being  broken,  the  escape  of 
the  caloric  from  the  thermometer  will  take  place ; the  pre- 
sence of  the  cold  body  opens  as  it  were  a di’ain  of  heat  from 
the  whole  surrounding  space;  this  will  absorb  caloric  more 
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powerfully  from  the  thermometer,  as  the  mirror  A,  in  the 
focus  of  which  it  is,  receives  so  large  a proportion  of  any 
calorific  emanation  from  it,  and  reflects  this  to  the  opposite 
mirror  B,  in  the  focus  of  which  this  caloric  is  absorbed. 
The  ice  has  the  same  advantage  in  absorbing  caloric  from 
the  thermometer,  as  a hot  body  placed  in  its  situation  has 
in  communicating  caloric  to  the  thermometer;  and  the 
experiment  with  it  differs  in  nothing  from  that  with  the 
heated  ball  of  iron,  but  in  the  direction  in  which  the  ca- 
lorific emanation  moves,  In  the  latter  it  moves  from  the 
heated  ball  by  the  mirror  to  the  thermometer  in  the  focus 
of  the  mirror  A ; and  in  the  experiment  with  the  ice,  it 
pioves  in  the  opposite  direction ; the  thermometer  being 
to  the  ice,  what  in  the  other  the  ball  is  to  the  thermome- 
ter *. 

In  this  explanation,  it  is  not  very  clearly  stated,  how  the 
thermometer  is  more  powerfully  acted  on  by  the  cold  body, 
than  by  other  bodies  in  the  neighbourhood.  The  experi- 
ment, as  Dr  Martin  has  observed,  is  not  exactly  the  con- 
verse of  that  with  the  heated  ball ; for  the  thermometer  is 
not  actually  a hot  body,  compared  with  the  surrounding 
air,  and  it  does  not  appear  clearly  how  it  should  be  re- 
duced to  a temperature  lower  than  the  air  which  sur- 
rounds it,  at  least  too  much  is  left  in  the  explanation  which 
has  been  given,  to  be  supplied  by  the  imagination.  He  ex- 
plains it  more  fully  in  the  following  manner  f. 

There  are  only  two  ways  in  which  heat  can  be  made  to 
move  in  one  direction  through  a body,  as,  for  example, 

through  a wire  represented  by  the  line  A B ; one 

is  the  application  of  a higher  temperature  to  B,  causin<»- 
the  heat  to  move  towards  A by  the  conducting  power  of 
the  wire  ; the  other  is  to  reduce  the  temperature  at  A,  and 
^use  a partial  vacuity  of  heat,  which  will  be  supplied  by 

* Pictet,  Essais  de  Physique,  p.  83. 

t Nicolson’s  Journal,  vol.  xx,  p.  34-2. 
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a movement  of  caloric  from  the  parts  of  the  wire  contiguous 

to  A,  and  ultimately  from  B. 

If  a cold  body  b,  in  the  annexed  representation,  be 

brought  near  a plane  re- 
flecting surface,  as  parti- 
cles of  heat  are  entering 
it  in  all  directions,  some 
must  enter  in  the  direction 
a h ; the  point  a of  the  re-  ^ a 

fleeting  surface  must  therefore  become  cooler,  or  a vacuity 
of  heat  will  be  there  formed.  This  will  not  be  supplied 
by  heat  moving  in  the  directions  x a^y  ox  z a,  but  only 
by  that  in  the  direction  c a ; for  radiant  caloric  moving  in 
right  lines,  and  being  reflected  at  an  angle  equal  to  its 
angle  of  incidence,  if  it  were  to  come  from  any  other  di- 
rection, it  could  not  be  reflected  towards  the  body  but 
elsewhere,  and,  consequently,  to  join  the  current  of  heat 
a h,  it  must  again  change  its  course.  It  follows,  therefore, 
that  when  a cold  body  is  brought  near  a plane  reflecting 
surface,  heat  will  enter  into  that  body  in  right  lines  tend- 
ing to  its  centre ; the  reflecting  surface  will  have  its  tem- 
perature lowered,  and  particles  of  heat  will  strike  upon 
every  part  of  it  in  such  directions  as  to  be  thrown  off  in 
right  lines  to  the  cool  body.  ‘‘  If  we  substitute  concave 
reflecting  surfaces  instead  of  plane  ones,  the  heat  enters 
into  the  cold  body  placed  in  the  focus  of  one  mirror  B 
from  the  surrounding  air  in  all  directions,  consequently 


every  point  of  the  surface  of  tlie  mirror,  a,  c,  d,  &c.  be- 
comes cooled,  and  those  points  can  only  receive  a fresh 
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supply  in  parallel  rays,  in  a direct  course  from  the  opposite 
mirror,  because  only  such  rays  can  be  thrown  off  towards 
the  body  B;  the  opposite  mirror  therelbre  becon)es  cool, 
and  for  the  same  reason  the  whole  surface  of  it  must  be 
supplied  by  heat  from  the  thermometer  T,  which  conse- 
quently must  become  cooler  than  a body  placed  any  where 
in  its  neighbourhood.” 

This  explanation  appears  to  be  just ; only  it  cannot  be 
assumed,  that  the  caloric  is  actually  abstracted  from  the 
mirror,  so  that  the  temperature  of  its  surface  is  reduced, 
for  it  would  then  be  liable  to  the  objection,  that  that  kind 
of  surface  ol  a mirror  which  yields  caloric  most  readily  bv 
radiation,  that  is  a blackened  or  glass  surface  compared 
with  a metallic  one,  should  be  most  powerful  in  causing  the 
reduction  of  temperature  in  the  thermometer,  in  the  ex. 
periment  of  the  radiation  of  cold,  wdiich  is  not  the  fact* 
but  precisely  the  reverse.  But  if  the  mirror  be  regard- 
ed simply  as  a reflector,  this  difficulty  will  be  avoided. 
Now  this  view  of  its  mode  of  action  may  be  taken.  It  is 
not  necessary  to  assume,  that  the  points  «,  c,  r/,  of  the 
mirror  are  actually  cooled,  but  only  that  the  particles  of 
caloric  exterior  to  these  in  the  direction  a B,  ^ B,  c B, 
d B,  recede  from  them  and  move  in  that  direction,  the 
place  of  these  being  supplied  by  particles  moving  in  right 
lines  from  the  surface  of  the  op{)osite  mirror,  and  the  mir- 
ror acting  as  a reflector  in  turning  their  course. 

Mr  Leslie  has  applied  his  theory  of  aerial  pulsations  to 
the  phenomenon  of  radiant  cold  ; the  cold  surface  he  con- 
ceives abstracts  part  of  the  caloric  of  the  contiguous  layer 
of  air,  whence  a momentary  contraction  of  that  layer  fol- 
lows ; and  pulsations,  accompanied  with  a discharge  of 
heat  to  the  cold  surface,  and  consequently  in  a chain  from 
the  mirror  and  the  thermometer,  are  established,  obser- 
ving the  same  law  as  in  the  case  of  radiant  heat.  This 
explanation,  of  course,  rests  on  the  same  grounds  as  his 
general  theory. 
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An  important  application  of  the  fact  of  the  radiation 
of  caloric  from  bodies  at  a low  temperature,  so  as  to  pro- 
duce cold  compared  with  the  surrounding  medium,  is  that 
to  the  explanation  of  the  phenomena  of  dew  and  hoar-frost 
lately  proposed  by  Dr  Wells. 

Dew  and  hoar-frost  are  produced  under  certain  condi- 
tions of  the  atmosphere.  Dew  appears  in  the  evening, 
when  the  heat  of  the  day  has  been  considerable,  and  the 
atmosphere  is  calm  : Hoar-frost  is  produced  when  the  cold 
is  greater,  and  when  the  atmosphere  is  not  only  calm  but 
also  clear.  A singular  fact  had  been  observed  by  Mr 
Wilson,  and  by  Mr  Six, — that  their  production  is  ac- 
companied with  cold  on  the  surface  of  the  ground  greater 
than  in  the  atmosphere  a few  feet  above,  the  difference 
being  frequently  5,  iO,  or  even  more  degrees  of  Fahren- 
heit’s scale.  This  cold  had  been  considered  as  the  effect 
of  the  formation  of  the  dew  and  hoar-frost,  thought  his 
conclusion  involved  a very  considerable  difficulty ; for  as 
the  transition  of  a body  from  the  state  of  vapour  to  the 
fluid  or  solid  form  is  always  accompanied  with  an  evolu- 
tion of  heat,  it  might  be  expected  that  the  surface  on 
which  the  dew  is  deposited,  and  still  more  that  on  which 
the  hoar-frost  is  formed,  would  have  its  temperature  rais- 
ed, and  no  cause  appears  why  it  should  be  depressed. 
Dr  Wells,  who  had  made  the  same  observation,  continu- 
ing his  attention  to  the  subject,  at  length  formed  the  con- 
jecture, that  the  rationale  of  the  operation  is  the  reverse 
of  what  had  been  supposed, — that  the  cold  at  the  surface 
first  exists,  and  that,  in  consequence  of  it,  the  deposition 
of  aqueous  vapour  from  the  atmosphere,  constituting  dew 
and  hoar-frost,  takes  place.  This  he  soon  established  by 
the  fact  which  he  ascertained  by  experiment,  that  the  cold 
at  the  surface,  compared  with  that  of  the  air  above,  pre- 
cedes the  formation  of  dew,  and  often  exists  without  dew 
being  formed, — a circumstance  owing  to  the  air  not  con- 
taining that  portion  of  humidity  sufficient  to  produce  a 
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deposition  of  it  even  when  tlie  condition  of  a low  tempe- 
rature exists.  Dew,  therefore,  is  water  deposited  from 
the  atmosphere  when  tlie  surface  of  the  ground  is  colder 
than  the  air  ; and  hoar-frost  is  the  same  deposition  at  a 
low  temperature,  so  as  to  produce  congelation ; and  of 
course  both  circumstances, — the  presence  of  vapour  in  the 
atmosphere,  and  the  low  temperature,  are  required. 

So  far  the  investigation  could  have  been  conducted  by 
experiments  connected  with  the  phenomena  themselves. 
But  there  remained  one  question  which  could  only  be 
solved  from  a knowledge  of  the  facts  with  regard  to  tlie 
escape  of  caloric  by  radiation  at  low'  temperatures.  How 
is  this  low  temperature  at  the  surface  of  the  earth  produc- 
ed, while  the  air  incumbent  on  it  is  at  a higher  tempera- 
ture ? This  is  undoubtedly  owing,  as  Dr  Wells  observes, 
to  the  radiation  of  heat  without  p.n  equivalent  return. 
The  surface  of  the  ground  allows  a portion  of  the  heat  it 
receives  from  the  solar  rays  to  escape  by  radiation  when 
their  action  is  withdrawn  : hence  it^  temperatut  c fidls  j 
and  if  air  holding  watery  vapour  dissolved  rest  upon  it, 
without  much  agitation,  (a  circumstance  by  which,  by  the 
constant  renewal  of  w'arm  air  imparting  heat,  the  otlect 
would  be  counteracted,)  a portion  of  this  vapour  will  be 
condensed  on  the  surface,  and  if  the  temperature  is  still 
lower,  will  be  congealed  : and  the  connection  of  this  w ith 
the  circumstances  affecting  the  formation  of  dew  and 
hoar-frost  is  established  by  some  very  striking  coincidences. 
Thus  they  are  formed  only  when  the  atmosphere  is  clear, 
and  the  occurrence  of  clouds  interrupts  or  suspends  it, 
evidently  from  the  circumstance,  that  in  a clear  atmos- 
phere radiation  from  the  ground  takes  place  most  readily, 
and  that  when  clouds  are  present,  they  either  impede  it, 
or  return  an  equivalent  portion  of  radiant  beat.  In  like 
manner,  any  interruption  in  the  exposure  of  a bodv  to  the 
sky,  diminishes  the  quantity  of  dew  dej)osIted  on  it,  and 
the  quantity  is  greater  according  to  the  more  perfect  ho- 
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rizontal  aspect.  Dew  forms  too  in  very  different  quanti- 
ties on  different  substances  under  the  same  circumstances; 
and  this  affords  one  of  the  most  conclusive  proofs  of  the 
justness  of  the  theory.  Thus,  on  metals,  it  is  sparingly 
deposited;  on  glass  it  forms  abundantly,  as  it  does  also  on 
grass,  straw,  cloth,  paper,  and  other  substances  of  a sinii" 
lar  kind.  Now,  all  these  substances  are  powerful  in  ra- 
diating heat,  while  metals  radiate  very  imperfectly : the 
former,  therefore,  under  the  same  circumstances,  will  suf- 
fer the  greatest  reduction  of  temperature  ; and  Dr  Wells 
accordingly  found  this  to  be  the  case,  the  difference  fre- 
quently amounting  to  8,  10,  or  even  more  degrees.  A 
number  ot  other  minute  facts  are  added  confirming:  the 
same  view  *. 

The  experiments  of  Dr  Wells  prove  sufficiently,  that 
cold  is  produced  on  the  surface  pi'evious  to  the  formation 
of  dew;  and  they  also  apparently  establish  the  influence  of 
a radiation  to  a considerable  extent  as  the  cause  of  this 
cold.  But  there  are  some  difficulties  attending  the  theo- 

O 

ry.  The  air  incumbent  cn  the  surface  at  which  dew  is 
forming,  is  at  a higher  temperature  than  the  surface  it- 
self, and  this  for  the  height  of  a number  of  feet.  Now, 
there  is  some  difficulty  in  conceiving,  how,  under  this  con- 
dition, the  latter  should  radiate  heat : the  temperature  at 
a greater  height  may  be  lower,  and  to  this  the  effect  is 
ascribed  ; but  the  interposition  of  a stratum  of  warm  air, 
it  might  be  inferred,  would  intercept  the  influence  of  this. 
The  reduction  ot  temperature,  too,  seems  to  be  greater 
than  can  well  be  ascribed  to  radiation.  Part  of  it  must 
be  owing  to  the  communication  of  heat  to  the  interior; 
and  this  circumstance  must,  to  a certain  extent,  produce 
the  state  which  actually  exists,  that  of  decreasing  tempe- 
rature in  the  atmosphere,,  as  the  surface  is  receded  from 
to  a certain  height,  and  must  give  rise  to  a deposition  of 
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humidity  from  the  descent  of  the  stratum  of  air  thus 
slowly  cooled.  And  even  the  different  degrees  of  humi- 
dity deposited  on  different  bodies  may  depend,  in  part  at 
least,  on  tlie  difference  in  their  conducting  power,  as  well 
as  in  the  difference  in  their  radiating  power. 

In  a clear  atmosphere  during  the  night,  it  appears,  that 
a body  freely  exposed  to  it,  always  becomes  of  a lower 
temperature  than  the  surrounding  air.  Dr  Wollaston 
found,  that  on  exposing  a concave  metallic  mirror  turned 
upwards,  a thermometer  in  its  focus  very  soon  indicates' 
depj  ession  of  temperature.  Mr  Leslie  has  shewn,  that  at 
all  times  told  is  produced  at  the  surface  from  exposure  to 
a clear  atmosphere ; and  has  contrived  an  instrument,  to 
which  he  has  given  the  name  of  ^Ethrioscope,  by  which  the 
effect  is  strikingly  displayed  *.  It  consists  of  the  Pyro- 
scope,  the  instrument  already  described,  placed  within  a 
polished  metallic  reflector  of  an  oblong  spheroidal  shape, 
the  sentient  or  clear  ball  of  the  pyroscope  occupying  the 
lower  focus,  while  the  section  of  a horizontal  plane  at  the 
upper  focus  forms  the  orifice ; the  stem  connected  with 
the  ball  passes  through  the  bottom  of  this  cup,  and  the 
scale  is  adapted  to  it  beneath.  In  its  upright  position 
neiirly  all  the  vertical  rays,  or  pulsations  as  Mr  Leslie  calls 
them,  are  concentrated  on  the  ball  in  the  locus,  and  the 
effect  is  measured  by  the  movement  of  the  liquor  in  the 
stem.  When  mounted  on  a pivot  it  can  be  turned  in  any 
oblique  direction,  varying  a little  the  form  of  the  reflector^ 
and  the  position  of  the  balls.  Its  sensibility  is  extremely 
great ; the  cold  being  considerable  when  it  is  exposed  to 
a clear  blue  sky,  and  varying  with  every  passing  cloud. 
With  regard  to  the  theory  of  the  operation,  Mr  Leslie 
conceives,  that  cold  pulsations  are  propagated  from  the 
upper  region  of  the  atmosphere,  originating  in  the  mass  of 
air  itself.  This  it  is  not  easy  to  admit.  Pulsations  may 
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be  communicated  in  an  elastic  medium  from  a solid,  or 
even  from  a li(|uid  body;  but  it  is  difficult  to  conceive  of 
their  originating  in.  and  being  communicated  from  a por- 
tion merely  of  the  elastic  medium;  and  still  more,  that 
such  pulsations  arising  in  a higher  region  of  the  atmos- 
ph  ere  shall  reduce  temperature  at  the  surface,  while  the 
temperature  of  the  air  immediately  incumbent  on  that  sur- 
face is  not  reduced. 


Sect.  IV Of  the  Comparative  Quantifies  of  Caloric 

'which  bodies  contain.  Specific  Ccdoric. 

In  homogeneous  bodies,  the  quantities  of  caloric  which 
they  contain  are  according  to  their  temperatures  and  quan- 
tities of  matter.  It  is  found  to  be  so  on  experiment,  and 
that  it  should  is  nearly  evident  a priori ; for  the  particles 
of  different  portions  of  the  same  matter  being  alike,  their 
powers  must  be  equal,  and  no  cause  can  be  imagined  why 
one  portion  should  have  a relation  to  caloric  different  from 
the  other,  so  as  to  require  a different  quantity  to  raise  its 
temperature. 

But  there  is  not  the  same  reason  for  believing,  that 
with  regard  to  heterogeneous  bodies,  the  same  law  will  be 
observed  ; and  on  making  the  experiment,  it  is  not  found 
to  be  the  case;  on  the  contrary,  from  their  peculiar  rela- 
tions to  caloric,  each  contains  a quantity  peculiar  to  it- 
self. If  a number  of  bodies  of  different  kinds,  water,  oil, 
mercuiy,  and  others  in  equal  weights,  and  at  the  same 
temperature,  be  exposed  to  a common  source  of  caloric, 
they  all  receive  it ; their  temperature  rises  with  different 
celerities ; and  in  a certain  time  they  all  arrive  at  a com- 
mon temperature.  It  is  found,  however,  that  in  rising  to 
this  they  absorb  very  different  quantities  of  caloric;  the 
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water  takes  in  more  than  the  oil,  and  the  oil  more  than 
the  mercury.  Now,  it  is  evident,  that  although  we  sup- 
pose that  at  the  commencement  of  the  experiment  these 
substances  contained  equal  quantities  of  caloric  ; yet,  at 
the  temperature  to  which  they  are  raised,  they  must  con- 
tain unequal  quantities,  since  in  suftering  this  rise,  each 
absorbed  a quantity  different  from  the  others.  But,  in 
like  manner,  it  might  be  shewn,  by  beginning  the  expe- 
riment at  a still  lower  temperature,  that,  at  the  tempera- 
ture from  which  they  w'ere  raised,  the  quantities  of  caloric 
they  contain  hiust  have  been  unequal  ; and  as  the  same 
cause  that  disposes  one  body  to  absorb  more  caloric  than 
another  must  be  something  peculiar  to  it,  and  of  course 
must  always  continue  to  operate,  it  follows,  that  at  every 
point  in  the  scale  of  heat,  different  bodies  contain  diffe- 
rent quantities  of  caloric  when  in  the  same  weights  and  at 
the  same  temperature. 

The  same  truth  is  established  by  communicating  equal 
measured  quantities  of  caloric  to  different  bodies ; we  then 
find  that  their  temperatures  are  not  equally  raised,  but  that 
the  quantity  which  raises  one  body  one  degree  will  raise 
another  20  or  30  degrees. 

Boerhaave  began  the  investigation  by  which  this  im- 
portant law  was  established.  Observing  that  dense  bodies 
were  those  which  abstracted  heat  most  rapidly  trom  a bo- 
dy at  a superior  temperature,  he  imagined  this  might  be 
owing  to  the  denser  mass  having  a disposition  to  contain 
more  of  this  power  than  the  t)ther.  To  ascertain  this, 
Fahrenheit,  at  his  desire,  made  the  experiment,  which,  al- 
though Boerhaave  laileil  in  drawing  the  proper  conclu- 
sion from  it,  is  the  basis  of  the  discovery  It  consisted  in 
first  mixing  together  equal  qii.  ntities  of  the  same  liquid, — 
as  water,  or  oil,  at  different  temperatures.  Of  course,  the 
mixture  immediately  attained  a uniform  temperature;  and 
this  was  tound  by  the  thermometer  to  be,  as  Boerhaave 
reports  it,  hail  the  excess  of  the  hotter  above  the  colder  j 
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that  is,  if  1 lb.  of  water  at  212°  were  mixed  with  1 lb.  at 
32°,  the  resulting  temperature  is  122°,  the  difference  be- 
tween the  temperature  of  the  two  portions  being  180°, 
and  the  half  of  this  being  taken  from  the  hotter,  and  com- 
municated to  the  colder,  the  temperature  of  the  one  there- 
fore being  depressed  90°,  and  that  of  the  other  raised 
90°.  Here,  therefore,  the  distribution  was  regulated  by 
the  quantity  of  matter.  But  when  equal  quantities  of 
twotlifferent  bodies  — of  water  and  quicksilver,  at  different 
temperatures,  were  mixed  together,  the  result  was  diffe- 
rent. If  the  water  were  hotter  than  the  quicksilver,  when 
equal  bulks  of  them  were  mixed,  the  temperature  of  the 
mixture  was  greater  than  the  half ; and,  on  the  other 
hand,  if  the  quicksilver  were  hotter  than  the  water,  still 
mixing  equal  volumes  of  them,  the  resulting  temperature 
was  always  less  than  the  half  of  the  difference.  When 
three  parts  of  mercury  by  volume  were  mixed  with  two 
of  water,  at  different  temperatures,  the  temperature  pro- 
duced corresponded  always  to  half  the  difference  of  the 
temperature  in  each,  or  was  the  mean  between  the  respec- 
tive temperatures,  the  same  as  when  equal  quantities  of 
water  were  mixed  together  *. 

From  this  experiment,  Boerhaave  inferred  justly,  that 
caloric  is  not  distributed  in  bodies  according  to  their  den- 
sity or  quantity  of  matter.  If  it  were,  it  is  obvious,  that 
as  quicksilver  is  13  times  heavier  than  water,  the  addition 
of  a quantity  of  mercury  at  a higher  temperature  than  that 
of  the  water  with  which  it  is  mixed,  ought  to  have  an  ef- 
fect in  raising  the  temperature  of  that  water  equal  to  what 
the  addition  of  13  times  the  bulk  of  water  at  that  tempera- 
ture would  have;  while  the  experiment  shews,  that  the  ef- 
fect of  the  mercury  in  raising  the  temperature  of  the  wa- 
ter is  not  equal  to  the  effect  which  even  one  measure  of 


* Elementa  Chemiae  Boerhaave,  t.  i.  p.  269, 
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watpr,  at  the  same  temperature  with  that  of  the  mercory'j 
would  have.  It  is  singular,  however,  that  he  should  have 
drawn  a conclus-ion  equally  inconsistent  with  the  ex[)eri- 
ment, — that  caloric  is  distributed  in  bodies  according  to 
their  volumes,  or  the  spaces  they  occupy  ; since  it  is  evi- 
dent, that  were  this  the  law,  the  temperature  resulting 
fron)  the  mixture  of  equal  bulks  ot  water  and  quicksilver 
ought  to  have  been  the  arithmetical  mean,  and  it  would 
not  have  been  necessary  to  produce  this  mean  to  take  three 
volumes  of  mercury  to  two  of  water. 

Dr  Black  appears  to  have  hist  perceived  the  error  of 
Boerhaave,  to  have  estimated  sufficiently  the  value  ot  the 
experiment,  and  drawn  from  it  the  just  conclusion,  that 
the  quantities  of  caloric  which  heterogeneous  bodies  con- 
tain at  the  same  temperature  are  proportional  neither  to 
their  weigl)ts  nor  volumes,  but  are  in  propoitions  regu- 
lated by  the  force  ot  that  attraction  which  they  have  for 
this  principle  *.  The  experiments  which  this  view  sug- 
gested, were  made  previous  to  the  year  I7b5;  and  so 
early  as  !76'’,  Dr  Black  had  perceived  the  general  fact. 
Wileke,  in  1771,  read  a dissertation  before  the  Academy 
of  Sciences  at  Stockholm,  afterwards  published  in  their 
memoirs,  in  which  he  announces  the  same  principle  as 
established  by  his  own  experiments.  Dr  Irvine  and  Dr 
Crawford,  actiuainted  with  Dr  Black’s  discovery,  prose- 
cuted the  subject,  and  subjected  many  substances  to  ex- 
periment. Some  additions,  were  made  by  Lavoisier,  and 
by  Gadolin  ; and  by  the  labours  of  these  and  other  phi- 
losophers, the  general  law  has  been  established,  that  dif- 
fernd  bodies  in  equal  quantities,  whether  estimated  by 
weight  or  volume,  contain  at  any  given  temperature  unequal 
quantities  of  caloric,  or,  according  to  the  phrase  that  has 
been  used  to  express  this,  have  different  capacities  for  ca- 


Black’s  Lectures  on  Chemistry,  vol.  i,  p.  79,  and  50L 
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loric.  Caloric  under  this  modification  has  been  named 
Specific  Caloric  or  Specific  Heat. 

The  truth  of  the  law  is  evident  from  the  experiment  of 
Boerhaave,  already  stated.  It  is  equally  obvious  from 
other  examples.  Thus,  if  we  subject  to  experiment  equal 
'weights  of  water,  of  glass,  of  tin,  ol  copper,  and  of  lead, 
we  find  that  these  equal  weights,  at  the  same  temperature, 
contain  unequal  quantities  of  caloric.  If  the  water  con- 
tain 1000  parts,  the  glass,  on  experiment,  will  be  found 
to  contain  not  more  than  187  such  parts,  the  copper  1 I f, 
the  tin  60,  and  the  lead  42  ; or  these  respective  quantities 
of  caloric  communicated  to  these  substances  will  produce 
the  same  rise  in  their  temperatures.  If,  again,  we  take 
equal  volumes  of  them,  we  still  find  the  caloric  not  propor- 
tional to  these.  If  a given  volume  of  water  contain  1000 
parts,  the  same  volume  of  glass  will  contain  only  448  parts, 
the  copper  1027,  the  lead  487,  and  the  tin  444.  Similar 
differences  will  be  found  with  regard  to  almost  every  kind 
of  matter. 

The  general  experiment,  by  which  the  quantities  of  ca- 
loric which  bodies  contain  are  determined,  is  mixing  equal 
weights  of  two  different  kijids  of  matter,  at  different  tem- 
peratures, and  observing  the  temperature  produced.  If 
we  take  equal  portions  of  the  same  kind  of  matter,  one 
pound  for  example,  at  50®,  and  another  at  100®,  and  mix 
them,  guarding  against  any  error  from  the  abstraction  or 
communication  of  caloric  by  the  vessel,  or  by  the  atmos-' 
phere,  the  temperature  of  the  whole  will  be  the  arithmeti- 
cal mean  between  the  two  temperatures,  that  is,  in  the  pre- 
sent example,  75.  The  pound  at  100  will  have  parted 
with  half  its  excess  of  caloric,  or  25  degrees,  and  this,  add- 
ed to  the  pound  at  50°,  will  raise  its  temperature  25  de- 
grees. This  proves  that  the  quantity  of  caloric  which  oc- 
casions a certain  extent  of  change  in  the  temperature  of 
one  portion  of  a body,  will  produce  the  same  change  in 
the  temperature  of  another  equal  portion  of  the  same  body; 
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and  consequently  equal  weights  of  it  at  any  temperature 
will  contain  equal  quantities  of  caloric  *. 

But,  when  the  experiment  is  made  with  two  different 
bodies,  the  tempei  ature  produced  is  never  the  mean  of  the 
respective  temperatures.  Thus,  if  one  pound  of  water  at 
156°  be  mixed  with  one  pound  of  mercury  at  40®,  the  re- 
sulting temperature  is  not  the  mean  98,  but  is  not  less  than 
152.  Tltis  proves  that  the  change  of  temperature  produ- 
ced in  the  one  by  a certain  quantity  of  caloric,  is  different 
from  that  produced  in  the  other  by  the  same  quantity  ; for 
the  water  in  this  experiment  having  had  its  temperature 
reduced  from  156®  to  152®,  has  lost  a quantity  of  caloric 
producing  in  it  a change  of  4 degrees  ; but  this  quantity 
communicated  to  the  mercury  has  raised  its  temperature 
from  40®  to  152®,  or  produced  a change  in  it  of  not  less 
than  122°.  The  quantity  of  caloric,  therefore,  necessary 
to  raise  the  temperature  of  one  pound  of  water  4 degrees, 
is  sufficient  to  raise  that  of  an  equal  weight  of  mercury 
1 12®,  or  the  quantity  raising  the  temperature  of  the  former 
of  these  fluids  one  degree,  will  raise  that  of  the  other  28®. 
This,  it  is  concluded,  will  be  the  case  at  every  temperature, 
and  therefore  at  any  point  in  the  scale  of  heat,  the  quanti- 
ty of  caloric  contained  in  water  is  to  that  contained  in  the 
same  weight  of  mercury  as  28  to  1. 

• If  the  experiment  is  varied,  by  mixing  water  at  a low 
and  mercury  at  a high  temperature,  the  result  is  the  same, 
or  the  change  produced  in  the  temperature  of  the  mercury 
is  to  that  produced  in  the  temperature  of  the  water  as  28 
to  1.  If  one  pound  of  quicksilver  at  156®  be  mixed  with 
one  pound  of  water  at  40®,  the  temperature  produced  is 
44°  j the  mercury  has  lost  a quantity  of  caloric,  which  has 


• This  conclusion  rests  on  the  supposition,  that  the  thermo- 
meter is  an  accurate  measure  of  temperature;  but  even  should 
this  be  doubted,  the  deviation  cannot  be  such  as  to  have  a» 
important  effect.  This  is  afterwards  to  be  considered. 
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reduced  its  temperature  112  degrees,  and  this  communi- 
cated to  the  water  has  raised  its  temperature  only  4?°. 

In  this  manner,  when  equal  weights  of  two  different  bo- 
dies are  mixed  together,  the  temperature  produced  is  al- 
ways nearer  to  the  temperature  of  that  body  which  con- 
tains the  largest  quantity  of  calorfci  because  it  requires  the 
largest  quantity  to  produce  a change  in  its  temperature. 
The  proportion  is  also  indicated  by  the  experiment,  the 
comparative  quantities  of  caloric  contained  in  the  two  bo- 
dies being  in  the  inverse  ratio  to  the  change  of  tenipera- 
ture  of  each  by  their  mixture.  Taking  water  as  a sub- 
stance usually  employed  in  the  experiment,  and  as  the 
standard  to  which  the  others  are  referred,  the  following 
formula  has  been  given.  Multiply  the  weight  of  the  water 
by  its  change  of  temperature.  Do  the  same  for  the  other 
substance.  Divide  the  first  product  by  the  second.  The 
quotient  expresses  the  comparative  quantity  of  caloric  con- 
tained in  that  substance,  the  quantity  contained  in  water 
being  accounted  1 ; for  each  of  the  products  giving  the 
number  of  degrees  which  a unit  of  the  substance  w ould  be 
raised  in  temperature,  and  the  quantities  being  equal,  the 
capacities  must  be  inversely  as  the  changes  of  temperature, 
that  is,  as  the  products.  Or  more  generally,  and  without 
any  reference  to  water  being  employed,  but  merely  from 
two  bodies  being  mixed  in  equal  quantities, — multiply  the 
weight  of  each  body  by  the  number  of  degrees  between  its 
original  temperature  and  the  common  temperature  obtain- 
ed by  their  mixture.  The  capacities  of  the  bodies  will  be 
inversely  as  the  products.  If  w^e  mingle  the  two  bodies 
in  unequal  quantities,  which  in  some  experiments  may  be 
more  convenient,  the  capacities  are  reciprocally  as  the 
quantities  of  matter  multiplied  into  their  respective  changes 
of  temperature. 

When,  instead  of  comparing  the  quantities  of  caloric 
which  equal  weights  of  different  bodies  contain,  we  com- 
pare the  quantities  contained  in  equal  volumes^  we  still  find, 
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that  a difference  exists.  Thus,  the  quantity  of  caloric  ne- 
cessary to  raise  the  temperature  of  a given  volume  of  wa- 
ter any  number  of  degrees,  is  to  that  rjecessary  to  raise  an 
equal  volume  of  mercury  the  same  number  of  degrees  as 
rather  more  than  2 to  1 ; and  this  consequently  is  the  pro- 
portion between  the  quantities  of  caloric  in  these  bodies 
estimated  by  their  volumes.  The  comparative  quantities 
of  caloric  in  bodies  are  usually  estijimted  by  their  weights, 
it  being  less  difficult  to  ascertain  these  with  accuracy  than 
their  volumes. 

In  some  cases  water  cannot  be  employed,  from  the  sub- 
stance, the  capacity  of  which  is  to  be  ascertained,  exerting 
a chemical  action,  by  which  the  existing  capacity  is  alter- 
ed, and  caloric  is  evolved  or  absorbed.  Dr  Irvine  em- 
ployed the  medium  of  a third  body,  generally  pounded 
glass  ; adding  to  a given  weight  first  of  the  water,  and  se- 
condly of  the  substance  whose  capacity  was  to  be  ascer- 
tained, a quantity  of  glass  of  a determinate  temperature, 
sufficient  to  change  their  temperature  the  same  number  of 
de'o  ees.  The  capacities  were  then  as  Jhe  weights  of  glass 
added  *. 

Wilcke  employed  a method  essentially  the  same  with 
that  now  described,  though  in  the  mode  of  performing  it 
somewhat  different.  His  experiments  were  restricted  to 
substances  existing  in  the  solid  state.  A pound  of  such 
a substance,  of  a metal  for  example,  was  accurately  weigh- 
ed; it  was  then  suspended  by  a thread  in  a vessel  of  boil- 
ing vvatcr,  in  which  a thermometer  was  placed,  to  mark 
the  temperature  with  more  precision.  An  equal  quantity 
of  w ater,  at  the  tem})erature  of  32^,  was  put  into  a tinned 
iron  vessel.  The  heated  body  was  removed  from  the  vessel 
of  boiling  water,  and  suspeiuled  in  the  cold  water.  A 
thermometer  with  a centigrade  scale,  each  degree  being 
such  that  4ths  or  even  8ths  could  be  distinguished  on  it, 


* Chemical  Essays,  p.  87. 
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was  put  into  the  fluid,  and  the  temperature  was  taken  when 

it  had  become  uniform  through  the  fluitl,  and  the  same  as 

that  of  tlie  solid  suspended  in  it.  The  caloric  given  out 

by  the  hot  body  being  thus  communicated  to  the  cold  fluid, 

the  changes  occasioned  in  the  temperature  of  the  one  by 

the  abstraction,  and  in  that  of  the  other  by  the  addition 

of  this  caloric  were  discovered,  and  the  quantity  of  caloric 

contained  in  the  body  subjected  to  experiment  compared 

with  that  of  the  water  was  easily  found  ; the  same  formu- 

► 

la  applying  to  this  method  as  to  the  preceding  one,  though 
that  which  Wiicke  employed  was  more  complicated 

It  is  obvious,  that  the  accuracy  of  these  experiments  de- 
pends on  the  assumption,  that  the  caloric  abstracted  from 
the  hot  body  is  communicated  entirely  to  the  colder,  and 
that  the  latter  receives  caloric  from  no  other  source.  These 
requisites,  however,  cannot  be  perfectly  attained.  In  the 
mode  of  mixture,  if  the  cold  substance  be  added  to  the 
hot  one,  it  must  receive  a portion  of  caloric  not  only  from 
it,  but  likewise  from  the  vessel  in  which  it  is  contained; 
or  if  the  hot  body  be  added  to  the  cold,  the  caloric  it  gives 
out  will  not  be  communicated  entirely  to  the  latter,  but 
will  in  part  be  given  to  the  vessel.  It  is  scarcely  possible 
too  to  abstract  entirely  the  agency  of  the  atmosphere,  which, 
as  one  of  the  bodies  is  always  at  a temperature  superior  to 
it,  will  carry  off  part  of  the  caloric.  The  portions  of  ca- 
loric  withdrawn  from  the  mixture  by  these  causes  will  va- 
ry according  to  the  quantities  of  the  substances  used  in 
the  experiment, — the  degree  of  agitation  by  which  they 
are  mixed,  -the  celerity  with  which  different  bodies  part 
with  their  caloric,—  their  specific  gravities,  and  their  mis- 
cibility with  water;  and  even  the  size  and  shape  of  the  ves- 
sel, and  the  composition  of  the  matter  of  which  it  consists, 


* Translation  of  Wiicke’s  Paper,  from  the  Memoirs  of  the 
Koyal  Academy  of  Sciences  of  Stockholm,  for  1781,  in  the 
Journal  de  Physique,  t.  xxvi,  p.  '250, 
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will  influence  the  result.  Hence  have  arisen  the  differ- 
ences in  the  experiments  of  different  chemists.  Dr  Craw- 
ford, who  made  more  experiments  on  this  subject  than 
any  other  chemist,  and  who  conducted  his  experiments 
with  the  greatest  attention,  has  pointed  out  the  princi- 
pal circumstances  which  require  to  be  attended  to.  He 
found  it  necessary  to  determine  the  precise  effect  of  the 
vessel  on  the  result,  by  ascertaining  the  quantity  of  ca- 
loric it  required  to  produce  a certain  change  in  its  tem- 
perature ; and  to  calculate  the  quantitj'  of  caloric  com- 
municated to  the  air,  by  observing  the  pr(>gress  of  cooling, 
and  the  time  which  elapsed  before  a common  temperature 
was  established  ; and  he  also  adds  the  necessary  cautions, 
by  which  the  other  sources  of  error  may  be  best  obviated*. 

In  the  method  employed  by  VVilcke,  these  sources  of 
error  have  less  influence.  This  method,  however,  cannot 
well  be  applied  to  liquids ; and  with  regard  to  these,  the 
mode  by  mixture  is  at  the  same  time  less  liable  to  error 
than  it  is  with  regard  to  solids,  as  two  fluids  can  be  mixed 
with  more  facility  than  a solid  or  a liquid,  and  their  com-  • 
mon  temperature  is  sooner  formed. 

Another  method  of  estimating  the  comparative  quanti-' 
ties  of  caloric  has  bcen'em ployed,  founded  on  the  fact,  that 
ice  or  snow,  in  melting,  absorbs  a uniform  quantity  of  ca-- 
loric  : and  therefore,  by  placing  a hot  body  in  contact  w ithi 
ice,  so  that  the  whole  of  the  caloric  it  gives  out  in  the  re-- 
duction  of  its  temperature  to  32®,  shall  Ix"  communicated: 
to  the  ice,  we  may  determine,  from  the  quantity  of  water: 
formed,  the  portion  of  caloric  which  has  been  comtnunica-- 
ted.  Wilcke,  to  whom  this  fact  was  know  n,  conceived  the 
idea  of  thus  employing  the  melting  of  ice  or  snow,  as  a me- 
thod of  comparing  the  quantities  of  caloric  in  bodies;  all 
that  is  necessary,  says  he,  being  “ to  find,  by  experiment, 
liow  much  soft  snow  is  necessary  to  cool  different  bodies, . 


• Treatise  on  Animal  Heat,  p.  96. 
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from  a certain  determined  temperature,  to  that  of  melting 
snow  or  ice ; for  the  whole  heat  which  the  body  loses  in 
this  reduction  ought  to  be  found  in  the  melted  snow;  and 
thus  the  quantity  may  be  known  from  the  quantity  melted 
or  the  quantity  of  water  produced  In  attempting, 

however,  to  carry  it  into  execution,  he  found  unexpected 
difficulties,  principally  in  determining,  with  accuracy,  the 
quantity  of  water  produced,  as  much  of  it  remained  mix- 
ed with  the  portion  of  unmelted  snow  ; he  relinquished  it, 
therefore,  for  that  already  described. 

Lavoisier  and  Laplace,  however,  directed  their  atten- 
tion to  this  method,  and  contrived  an  instrument,  the 
Calorimeter,  by  which  the  experiment  can  be  perlbrmed. 
It  consists  of  three  vessels.  A,  B,  C,  adapted  to  each  other, 
and  inserted  the  one  within  the  other,  so  as  to  leave  a ca- 
vity between  the  sides  of  each.  The  innermost  A,  is  a 
cage  of  iron  net- work  designed  to  contain  the  body  to  be 
subjected  to  experiment,  and  supported  by  bars  attached 
to  the  internal  cavity  of  the  second  or  middle  vessel  B. 
This  is  designed  to  contain  the  ice,  broken  into  small 
pieces,  and  supported  on  an  iron-grating  at  the  bottom, 
through  which  the  water  filtrates,  and  is  conveyed  off  by 
a pipe  with  a stop-cock,  which  comes  from  the  bottom 
of  the  vessel  It  has  a double  cover  capable  of  con- 
taining ice;  the  under  part  of  this  beii,ig  perforated,  so 
that  the  water  from  the  melting  of  any  of  the  ice  it  con- 
tains may  drop  into  the  cavity  itself  The  third,  or  outer 
vessel,  C,  is  similar  in  its  construction  to  the  second,  and 
is  filled  with  pounded  ice  and  water  when  the  experiment 
is  to  be  performed,  in  order  to  prevent  any  heating  or 
cooling  agency  of  the  atmosphere  on  the  ice  in  the  middle 
vessel,  and  preserve  a steady  temperature  of  32°.  It  also 
has  a double  cover  D,  containing  pounded  ice,  to  serve  the 
same  puifmse,  and  a tube  and  stop-cock  by  which  the 
water  when  it  accumulates  can  be  withdrawn. 

^ * Journal  cle  Physique,  t.  xxvi.  p.  258. 
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In  performing  the  experirnent  with  this  apparatus,  the 
body  to  ho  operated  on  is  heated  and  suspendeil  in  the 
innermost  cavity,  the  middle  cavity  liavin^  been  previous- 
ly tilled  with  pourul  d ice  pressed  down,  and  drained  so 
that  no  water  remains.  The  caloric  it  gives  in  lalling  to 
32°,  is  communicated  to  the  ice  in  this  cavity,  and  melts 
it.  Lavoisier  and  Laplace  calculated,  that  one  ptnind  of 
ice  in  melting  absorbs  a ejuantity  of  caloric  which  would 
raise  the  temperature  of  water  13.j  degrees  of  Fahrenheit. 
By  withdrawing  the  quantity  of  water  produced,  and  weigh- 
ing it,  it  was  easy  on  this  principle  to  ascertain  the  quan- 
tity of  caloric  which  the  substance  in  the  reduction  of  tem- 
perature it  had  suffered  had  given  out;  and  by  repeating 
the  experiment  on  different  bodies,  the  comparative  quan- 
tities of  caloric  they  evolve  in  passing  from  one  temper- 
ature to  another,  and  of  course  the  comparative  quanti- 
ties they  contain,  were  determined.  Liquids  were  intro- 
duced in  a glass  matrass  ; the  quantity  of  heat  w hich  the 
glass  would  give  out  being  ascertained  by  a previous 
experiment ; and  Airs  were  operated  on,  by  passing  them 
through  a spiral  tube,  fixed  in  the  middle  ves.sel,  a ther- 
mometer being  placed  at  each  extremity  of  it,  to  ascertain 
the  temperature  of  the  air  as  it  entered  and  passed  out 
These  experiments  require  to  be  made  at  a temperature 
near  to  32°,  as,  below  that,  the  contents  of  the  outer  ves- 
sel mav  be  frozen,  be  cooled,  and  abstract  caloric  from  the 
middle  vessel ; ami  when  much  above  it,  the  air  included 
in  the  instrument,  being  heavier  than  the  external  air,  de- 
scends, issues  by  the  tube  at  the  bottom  through  which 
the  water  runs  off’;  and  thus  a current  of  air  is  formed, 
which  communicates  heat  to  the  ice.  Even  with  every 
precaution,  however,  it  appears,  that  important  sources  of 
error  attend  the  apparatus.  Two  circumstances  were 
pointed  out  by  Mr  Wedgwood  as  influencing  the  results. 


* Memoires  de  I’Acad.  des  Sciences,  1780. 
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The  first  is,  that  part  of  the  water  formed  by  the  melting 
of  the  ice  is  retained  by  capillary  attraction  in  the  inter- 
stices of  the  uamelted  ice ; and  hence  the  quantity  that 
passes  off  by  the  tube,  at  the  bottom  of  the  apparatus,  is 
not  the  proper  measure  of  the  quantity  actually  produced. 
The  other,  that  the  operations  of  thawing  and  freezing 
actually  go  on  at  the  same  time,  part  of  the  water  which 
is  melted  in  the  upper  part  of  the  middle  vessel,  in  filtra- 
ting through  the  ice,  returning  to  the  solid  state,  so  that 
in  the  lower  parts  of  the  apparatus,  the  fragments  of  ice 
thrown  in  loose  are  frozen  together,  and  tlie  passage 
through  the  loose  ice  is  soon  nearly  filled  up  * ; an  effect 
no  doubt  owing  to  the  cohesive  attraction  exerted  by  the 
surfaces  of  the  fragments  of  ice  to  the  water  at  32°.  These 
circumstances  render  it  very  doubtful,  whether  this  me- 
thod is  equally  accurate  with  the  more  simple  mode  of 
mixture  at  different  temperatures. 

Meyer  proposed  another  method  of  ascertaining  the 
comparative  quantities  of  caloric  in  bodies,  founded  on 
observing  the  times  equal  volumes  of  them  require  to  cool 
through  a certain  interval  of  the  thermometric  scale  ; these 
times  being  as  their  capacities  estimated  by  the  volume, 
and  hence,  if  divided  by  the  specific  gravity  of  the  sub- 
stance operated  on,  giving  the  capacity  as  estimated  by  the 
weight  f.  The  same  method  has  been  employed  by  Mr 
Leslie  if;  and  Mr  Dalton  has  considered  it  as  susceptible 
of  great  precision,  and  so  far  preferable  to  the  mode  of 
mixture,  that  the  results  are  independent  of  any  inaccu- 
racy of  the  mercurial  thermometer  ||,  The  principle,  how- 
ever, on  which  it  rests,  is  not  just,  for  the  cooling  of  bo- 
dies depends  on  other  circumstances  than  their  capacities. 


* Philosophical  Transactions,  vol.  Ixxiv.  p.  376. 
f Annales  de  Chiniie,  tom.  xxx,  p.  46. 
if  inquiry,  &c.  p.  340  and  548 
II  System  of  Chemical  Philosophy,  p.  55. 
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It  is  influenced  both  by  their  radiating  and  conducting 
powei's.  Any  error,  indeed,  from  the  lormer  may  be  a- 
voidcd  by  the  mode  in  which  the  experiment  has  been 
performed  by  Leslie  and  Dalton,— giving  the  same  exter- 
nal surface  to  the  body  while  cooling,  by  including  it  in  a 
glass  globe.  But  it  is  not  possible  to  obviate  entirely  the 
latter.  It  is  obvious,  in  the  example  of  a mass  of  matter 
at  a high  temperature,  communicating  the  excess  of  its 
heat  to  the  surrounding  medium,  whether  by  the  interven- 
tion of  a vessel  containing  it,  or  not,  that  if  it  be  an  im- 
perfect conductor  of  caloric,  the  caloric  passing  more  slow- 
ly from  the  internal  mass  to  the  surface,  the  time  ot  cool- 
ing will  be  longer  than  if  it  were  the  reverse,  the  capacity 
being  the  same.  In  liquids,  too,  the  degree  of  mobility 
and  expansibility  influencing  the  motions  of  their  parts, 
must  influence  their  times  of  cooling.  Hence  an  accurate 
conclusion  cannot  be  formed  of  the  quantities  of  caloric 
which  a body  evolves,  as  its  temperature  falls,  compared 
with  that  given  out  by  another,  by  observing  their  respec- 
tive times  of  cooling,  but  only  by  measuring  these  quanti- 
ties by  the  effects  they  produce  on  another  body  to  which 
they  are  communicated. 

The  preceding  observations  apply  principally  to  the  me- 
thods of  ascertaining  the  comparative  quantities  of  caloric 
in  bodies  which  are  solid  or  liquid  With  regard  to  the 
mode  of  determining  the  specific  heats  of  aerial  fluids,  there 
are  greater  difficulties.  In  observing  the  changes  in  the 
temperature  of  an  aeriform  fluid,  and  the  corresponding 
change  in  the  temperature  of  a body  with  which  it  is  put 
in  intimate  contact,  and  thence  inferring  the  capacity,  the 
sources  of  error,  w’hich  always,  to  a certain  extent,  attend 
the  experiment,  must,  from  the  small  quantity  of  matter  in 
such  volumes  of  the  gases  as  can  be  submitted  to  tiial, 
have  a greater  influence  on  the  result.  I he  quantity  can 
scarcely  exceed  a few  grains  in  weight ; from  this  so  little 
lieat  can  be  imparted  to  the  contiguous  matter,  that  diffe- 
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I ences  in  the  quantities,  communicated  by  different  elastic 
fluids,  must  be  very  minute,  and  much  more  must  be  due 
I to  the  effect  of  the  containing  vessel ; hence,  as  Dr  Craw- 
I ford  justly  observed,  the  errors^  of  the  observations  will 
1 bear  a considerable  proportion  to  the  differences  which 
are  to  be  ascertained.  In  his  experiments,  the  differences 
from  the  volumes  of  gases  employed  seldom  exceeded  the 
T-Vth  of  a degree  of  Fahrenheit’s  ; and  although  he  used  a 
t thermometer  of  such  a construction,  that  marked  on 
its  scale  was  as  distinct  as  an  entire  degree  on  that  of  the 
thermometer  in  common  use,  yet  even  this  difference  is  so 
small,  that  the  results  cannot  be  free  from  all  suspicion  of  in- 
accuracy. He  employed,  however,  every  precaution  to  ob- 
viate this;  and  the  method  which  he  principally  used  seem- 
ed well  calculated  to  ensure  accurate  results  His  apparatus 
I consisted  of  two  separate  vessels  of  thin  brass,  of  the  same 
! form,  capacity  and  weight,  attached  to  a cross  bar,  so  that 
both  could  be  equally  exposed  to  the  same  source  of  heat, 
conveyed  by  means  of  cylinders  surrounded  with  warm 
water,  and  could  be  equally  plunged  into  similar  quantities 
of  cold  water,  sufficient  to  cover  them  ; The  one  vessel 
was  filled  with  the  air  submitted  to  trial ; in  the  other  a 
vacuum  was  formed.  Both  were  heated  to  tlie  same  point 
indicated  by  a delicate  thermometer  in  each,  and  were 
then  plunged  into  the  similar  quantities  of  cold  water:  the 
elevations  of  temperature  in  these  w'ere  observed  by  ther- 
mometers equally  delicate  ; and  the  temperature  commu- 
nicated by  the  exhausted  vessel,  being  subtracted  from 
the  temperature  communicated  by  the  vessel  filled  with 
air,  the  difference  shewed  the  tempeiature  communicated 
by  the  air  alone ; whence,  comparing  this  with  the  reduction 
of  temperature  in  the  air,  the  specific  heat  or  capacity  of 
the  latter  could  be  ascertained.  The  accuracy  of  the  me- 
thod could  farther  be  confirmed  by  introducing  atmos- 
pheric air  into  the  one  vessel,  and  the  gas  designed  to  be 
operated  on  into  the  other,  and  observing  the  compara- 
VOL.  1.  2 b 
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tive  effect.  And  the  certainty  of  the  result  was  established 
by  a very  decisive  test,  that  when  the  same  air  was  sub- 
mitted to  experiment,  the  same  results  were  obtained  : it 
was  only  when  different  airs  were  used  that  a difference 
was  found,  a proof  that  this  had  been  owing  to  some  dif- 
ference in  the  airs  themselves.  Ills  first  observations  were 
confirmed  even  by  experinients  with  thermometeis,  in 
which  each  degree  of  Fahrenheit’s  scale  was  divided  into 
50  equal  parts ; the  differences  observed,  too,  were  con- 
stant in  repeated  experiments ; and  being  from  equal  vo- 
lumes of  the  gases,  they  of  course  are  much  more  con- 
siderable, when  reduced  to  equal  weights,  according  to 
which  the  capacities  of  aerial  fluids  are  estimated,  so  much 
so,  that,  as  Dr  Crawford  himself  justly  observed,  were  the 
heats  communicated  to  water,  by  equal  volumes  of  the  dif- 
ferent gases,  the  same,  still  from  the  differences  in  their 
specific  gravities,  differences  in  their  capacities  for  caloric 
would  be  established.  And  still  more  if  the  real  differences 
are  the  rev'erse  of  those  he  assigned,  as  has  since  been 
maintained,  ought  the  diversity  of  effect  conformable  to 
this  to  have  been  apparent. 

The  subject  has  more  lately,  however,  been  submitted 
to  experiment  bv  Messrs  Delaroche  and  Bcraid,  who» 
hav'e  considered  Crawford’s  results  as  altogether  inaccu-* 
rate.  The  method  they  employed  consisted  in  passing, 
a current  of  gas,  at  a certain  elevated  temperature,  from  a 
gazometer,  through  a spiral  tube  placed  in  a cylinder  of 
thin  copper,  filled  with  water  and  closed.  It  is  known, 
that  if  a constant  and  uniform  source  of  heat  be  applied  1 
to  a body  insulated  in  the  atmosphere,  this  body  will  gra- 
dually rise  in  temperature  until  it  attain  a point  at  which 
it  wiii  <dve  out  to  the  surrounding  air  as  much  heat  as  iti 
receives,  and  at  this  point  it  will  remain  stationary,  it  is 
also  know'll,  (conformable  to  the  law  which  has  been  al- 
ready stated,)  that  the  quantity  of  heat  lost  each  instant 
by  a hot  body  suspended  in  the  atmosphere  is  proper- 
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tional  to  the  excess  of  its  temperature  above  that  of  the 
circumambient  medium.  If,  therefore,  a regular  current 
of  gas,  at  a certain  constant  elevated  temperature,  pass 
through  the  spiral  tube  in  the  copper  vessel  with  the  in- 
cluded water,  this  may  be  regarded  as  a constant  source 
of  heat,  the  vessel  being  the  body  discharging  it.  If  the 
experiment  be  repeated  with  different  gases,  each  will  raise 
the  temperature  to  a certain  fixed  point,  which  will  remain 
stationary,  and  it  will  follow,  from  the  above  principles, 
that  the  quantity  of  heat  communicated  to  the  cylinder, 
by  each  in  a given  time,  will  be  proportional  to  the  excess 
of  that  stationary  temperature  above  that  of  the  surround- 
ing medium.  Fhe  comparative  specific  heats  of  the  diffe- 
rent gases  will  thus  be  ascertained.  The  necessary  pre- 
cautions were  of  course  to  be  attended  to,  of  maintaining 
a constant  current  of  gas  at  an  uniform  temperature,  and 
of  ascertaining,  by  delicate  thermometers,  the  temperature 
of  the  gas  as  it  enters  and  escapes,  and  the  tentperature  of 
the  vessel  through  which  it  passes,  as  well  as  to  appreciate 
the  influence  of  any  other  causes  which  might  affect  the 
temperature  *. 

The  results  obtained  by  these  chemists  by  this  method, 
assign  specific  heats  of  the  different  gases  totally  different 
from  those  established  by  the  experiments  of  Crawford. 
Instead  of  being  in  general  superior  to  w’ater  as  a stan- 
dard, they  are,  with  the  exception  of  hydrogen,  inferior  ; 
and  instead  of  oxygen  gas  having  a great  specific  heat,  it 
is  comparatively  low.  A table  of  the  precise  results  will 
be  found  with  the  other  tables  on  this  subject  at  the  end 
of  the  chapter. 

The  determination  of  the  accuracy  of  these  results,  com- 
pared with  Crawford’s,  is  a point  of  considerable  impor- 
tance ; for  if  admitted,  they  invalidate  some  of  the  most 


* Nicolson’s  Journal,  vol.  xxxv,  xxxvi.  Thomson’s  Annals, 
vol.  ii. 
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important  conclusions  in  modern  cheniistryj  particularly 
the  theory  of  the  evolution  of  heat  in  combustion,  and  the 
theory  of  animal  heat  by  respiration,  as  well  as  some  ge- 
neralizations in  the  relation  of  caloric  to  temperature. 
In  comparing  them  with  Dr  Crawford’s,  they  do  not  ap- 
pear to  me  entitled  to  any  preference.  The  only  defi- 
ciency that  can  be  objected  to  the  latter,  is  that,  derived 
from  the  smallness  of  effect  whence  the  conclusion  was 
drawn,  arising  netessarily  from  the  small  quantity  of  air 
that  could  be  operated  on.  But  this  is  more  than  compen- 
sated by  the  simplicity  of  the  apparatus,  the  precautions 
which  were  empioved  by  Crawford  to  augment  the  appa- 
rent change,  and  to  insure  accuracy  to  the  result,  and  the 
superiority  of  the  principle  of  the  method  itself, — that  of 
inferring  the  capacity  from  the  change  of  temperature  in 
one  body  compared  with  the  other,  from  the  caloric  com- 
municated to  the  former,  and  abstracted  from  the  latter. 
The  apparatus  of  the  French  chemists  is  extremely  com- 
plicated, and  the  influence  of  a variety  of  circumstances 
required  to  be  regulated  or  estimated,  particularly  the  uni- 
formity in  the  current  of  gas,  the  constancy  of  its  tempe- 
rature, the  accurate  determination  of  this  temperature  as 
it  enters  and  escapes,  the  effect  of  moisture,  and  the  in- 
fluence of  the  surrounding  medium  liable  to  be  affected 
by  external  causes  arising  from  the  experiment  itself. 
Some  of  these  were  even  admitted  to  be  imperfectly  regu- 
lated And  the  method,  independent  of  these  sources  of 
error,  is  obviously  inferior  in  its  principle,  and  in  delicacy 
of  observation ; for  any  small  difference  in  the  effect  pro- 
duced by  a gas  acting  on  the  vessel  will  not  be  immediate- 
ly or  strikingly  displayed  by  the  latter  : such  differences 
therefore  will  not  be  easily  observed,  and  by  slight  varia- 
tions of  circumstances  will  be  liable  to  be  materially  mo- 
dified. It  was  accordingly  found  tlifficult  to  raise  the 
temperature  to  its  maximum  by  the  transmission  of  the 
gas,  and  preserve  it  so  for  a sufficient  time,  so  as  to  de- 
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termine  the  effect  with  accuracy ; hence  a different  me- 
thod was  followed.  The  process  was  stopped,  when  it  was 
judged  that  the  temperature  of  the  vessel  was  within  0.5, 
or  0.7  of  a degree  of  its  maximum;  then,  raising  by  a spirit- 
lamp,  the  ten)perature  above  the  maxiimmi,  and  causing 
the  current  of  gas  to  pass  through  till  it  began  to  cool,  it 
was  again  stopped,  when  it  was  supposed  that  this  was  as 
near  the  maximum,  on  the  one  hand,  as  the  heating  was 
on  the  other  : the  mean  between  these  was  then  taken,  and 
considered  as  the  point  “ at  which  the  vessel  would  have 
remained  stationary,  if  the  current  of  hot  gas  had  been 
long  enough  continued.”  Under  all  these  circumstances 
it  can  scarcely  be  inferred,  that  the  method  is  superior 
to  Crawford’s,  but  the  reverse  : it  is  both  liable  to  more 
numerous  sources  of  error,  and  these  are  less  apparent, 
and  less  capable  of  being  checked.  This,  too,  it  may  be 
remarked,  is  a subject  of  experiment,  in  which  no  advan- 
tage has  been  gained  by  the  progress  of  the  science,  so  as 
to  render  the  investigation  more  accurate  now,  than  at  a 
former  period.  It  could  be  conducted  with  just  as  much 
facility  and  precision  at  the  period  when  it  was  undertaken 
by  Crawford  as  at  present ; his  experiments  were  conduct- 
ed with  the  greatest  care ; they  cost  the  labour  of  years, 
and  are  certainly  not  to  be  invalidated  but  by  a very 
evident  and  decided  superiority  of  others. 

There  are  also  some  general  considerations  which  throw 
considerable  doubts  on  the  results  stated  by  Messrs  De- 
laroche  and  Bcrard.  They  find  all  the  gases,  with  the  ex- 
ception of  hydrogen,  to  have  capacities  inferior  to  water, 
and  in  general  inferior  to  liquids,  and  approaching  more 
nearly  to  those  of  solids.  Yet  in  considering  the  progres- 
sive changes  of  form,  it  is  more  probable  that  a similarity 
of  relation  should  continue  to  operate,  and  theiefore  that 
since,  in  general,  liquids  have  greater  capacities  for  heat  than 
solids,  aeriform  fluids  should  have  capacities  still  farther 
increased.  The  capacity  of  watery  vapour  is  even  found  by 
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these  chemists  to  be  iiiierior  to  that  of  watei*j  in  the  pro- 
portion ot  ’^4'  to  1000.  Ihis  not  only  violates  the  above 
analogy,  and  another  equally  general,  that  rarelaction  is 
usually,  perhaps  invariably,  accompanied  in  every  body 
with  an  increase  in  its  capacity  for  caloric ; but  in  conse- 
quence of  it,  a very  large  quantity  ol  heat  ought  to  be 
rendered  sensible  when  water  passes  into  vapour,  and  a 
very  intense  cold  should  be  produced  when  steam  is  con- 
densed, while  the  facts  are  precisely  the  reverse  : nor,  if 
we  admit  their  estimate,  can  these  circumstances  ol  the 
lion-liberation  of  heat  when  water  passes  into  vapour,  and 
instead  of  it,  the  actual  absorption  of  a large  quantity,  be 
accounted  for,  but  on  the  vague  and  improbable  hypo- 
thesis of  combined  caloric.  Precisely  the  same  difficulty 
occurs  with  regard  to  the  formation  of  gases  by  combin- 
ation. Oxygen  gas  by  combination  with  charcoal  passes 
into  carbonic  acid  gas  without  any  change  ol  volume. 
The  capacity  of  carbonic  acid  gas  is,  according  to  these 
chemists,  to  that  of  oxygen  gas,  estimated  by  volume,  as 
1.2583,  to  0.9" t)5.  In  this  conversion,  therefore,  that  is 
in  the  combustion  of  charcoal,  as  there  is  this  augmen- 
tation of  capacity,  there  ought  to  be  a production  ol  cold  ; 
and  it  is  necessary  to  assume,  on  the  same  iinprobahle  hy- 
pothesis, that  there  exists  in  one  or  other  of  the  elements 
a quantity  of  caloric  chemically  combined,  not  only  to 
sujjply  this  dilFertnce  of  capacity,  but  to  afford  the  high 
degree  of  heat  which  is  actually  produced  Yet  these  che- 
mi-stt.  themselves  admit,  that  in  all  cases  where  experi- 
ments can  be  easily  ficrformed  without  being  liable  to  er- 
ror, when  there  is  a disengagement  ol  heat  Irom  the  com- 
bination of  two  bodies,  the  compound  has  a capacity  less 
than  the  mean  ol  those  ol  its  elements.  Lastly,  this  very 
estimate  of  the  small  capacity  of  oxygen  gas,  the  point  of 
most  importance  in  the  whole  investigation,  is  at  variance 
with  a very  strict  and  extensive  analogy  . Ail  ihe  com- 
pounds of  oxygen  have  capacities  lor  caloric  greater  than 
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the  bases  of  which  they  are  formed,  as  is  apparent  in  the 
example  of  the  compounds  of  oxygen  with  metals,  and  al- 
so with  inflammables, — substances  in  which  the  estimation, 
of  the  capacities  can  be  determined  without  any  important 
falliicy.  This  is  a very  general  relation  which  can  scarce- 
ly be  ascribed  to  any  other  cause  than  to  the  agency  of 
oxygen,  and  seems  to  prove,  that  that  element  contains 
a large  quantity  of  caloric  at  a given  temperature,  whence 
it  communicates  the  same  property  to  the  compounds  in 
which  it  predominates. 

On  all  these  grounds  there  seems  every  reason  to  infer, 
that  though  Crawford’s  determinations  of  the  capacities 
of  the  gases  may  not  be  perfectly  correct,  they  still  remain 
nigher  approximations  to  the  truth  than  any  others. 

Some  other  modes  of  determining  the  capacities  of  elas- 
tic fluids  have  been  proposed.  The  following  is  by  Mr 
Leslie.  When  air  is  admitted  into  a partially  exhausted 
receiver,  heat  is  producetl  from  the  condensation  ol  the 
rarefied  air.  If  a delicate  thermometer,  therefore,  is  fix- 
ed in  the  centre  of  a large  receiver,  the  greater  part  of  the 
air  extracted,  and  time  allowed  for  the  a))paratus  to  ac-^ 
quire  the  temperature  of  the  room,  on  suddenly  admitting 
air  into  the  partial  vacuum,  the  rarefied  aerial  fluid  con- 
tained in  it  is  condensed,  and  the  temperature  is  raised.  If 
the  experiment  be  repeated  with  some  other  species  of  e- 
lastic  fluid,  the  same  quantity  of  heat  will  be  liberated,  and 
communicated  to  this  gas;  but  it  will  not  proiiuce  the 
same  elevation  of  temperature.  If  the  gas  employed  have 
a greater  capacity  for  caloric  than  an  equal  volume  of  at- 
mospheric air,  It  will  suffer  less  alteration  of  temperature; 
and  thus,  by  repeating  experiments  with  the  different  elas- 
tic fluids,  their  capacities  may  be  determined.  Mr  Leslie 
found,  that  hydrogen  gas  suffered  the  same  change  of  tem- 
perature as  atmospheric  air  ; hence  these  two  elastic  fluids, 
in  the  same  volume,  contain  the  same  quantity  of  heat. 
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Gay-Lussac  has  called  in  question  the  principle  on  which 
the  method  rests,  tliat  the  heat  evolved  when  a gas  is  ad- 
mitted into  a partially  exhausted  receiver,  arises  from  the 
condensation  of  the  rarefied  air  in  the  receiver  ; for  were 
this  the  cause,  it  must  happen,  that  on  introducing  a very 
small  quantity  of  gas  into  the  receiver,  as  much  heat  must 
be  absorbed  by  the  rarefaction  of  this,  as  is  given  out  by 
the  condensation  of  the  other ; while  the  fact  is,  that  on 
the  introduction  of  even  the  smallest  quantity,  there  is  a 
production  of  heat.  He  considers  the  lieat  as  in  part  a- 
rising  from  the  air  that  enters  the  receiver.  And  he  ob- 
tained results  different  from  Mr  Leslie’s  ; the  cliange  of 
temperature  in  hydrogen  gas,  and  in  atmospheric  air  ad- 
mitted into  the  partially  exhausted  receiver,  lieing  very 
different.  He  found,  in  prosecuting  these  experiments, 
that  the  variations  of  temperature  produced  by  the  changes 
of  volume  of  gases  are  greater,  as  they  are  of  less  specific 
gravity  ; whence  he  concluded,  that  their  capacities  for  ca- 
loric, under  equal  volumes,  arc  greater,  as  their  specific 
gravities  are  less  *.  But  this  he  has  since  considered  as 
doubtful  ; and  the  method,  independent  of  the  discordant 
results  in  these  experiments,  seems  to  be  exceptionable, 
from  the  difficulty  of  rendering  the  circumstances  suffi- 
ciently unif(»rm. 

Since  different  bodies,  whether  in  equal  weights  or  vo- 
lumes, contain,  at  the  same  temperature,  different  quanti- 
ties of  caloric,  there  must  be  some  cause  by  which  this 
difference  is  produced, — something  in  the  relation  of  bo- 
dies to  caloric,  varying  in  its  intensity  in  each,  by  which 
one  requires  a (juantity  different  from  that  required  by  o- 
thers,  to  produce  the  same  change  in  its  temperature. 

This  property,  whatever  may  be  the  nature  of  it,  has  been 
termed  the  Capacity  of  bodies  for  heat,  or,  adapting  the 


* Memoires  cle  la  Soci^te  d’Arcueil,  tom.  i,  p.  200, 
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expression  to  the  established  nomenclature,  the  capacity 
of  a body  for  containing  caloric.  "I  his  phrase  is  not  free 
from  ambiguity,  as  it  in  some  measure  conveys  the  idea 
that  caloric  is  contained  in  bodies,  according  to  the  spaces 
existing  in  them  which  it  can  fill.  This,  however,  is  not 
its  proper  sense : it  merely  expresses  the  general  fact,  that 
different  bodies  contain,  at  equal  temperatures,  and  in  e- 
qu-al  quantities  of  matter,  different  quantities  of  caloric;  or 
rather,  it  denotes  the  property  by  which  they  do  so,  with- 
out being  understood  to  convey  any  idea  as  to  the  cause 
of  that  fact  or  property.  The  caloric  thus  contained  in 
bodies  in  quantities  peculiar  to  each,  was  named  by  W deke 
their  specific  heats,  by  Crawford  their  comparative  heats. 
The  phrase  Specific  Caloric  is  generally  used  to  express 
it,  and,  as  applied  to  any  particular  body,  denotes  the 
quantity  of  calorie  which  any  weij^ht  of  it  at  a given  tem- 
perature contains,  compared  with  the  quantity  which  an- 
other body  in  the  same  weight,  and  at  the  same  tempera- 
ture, contains.  Thus  the  specific  caloric  of  water  is  said 
to  be  to  that  of  milk  as  1000  to  999. 

Of  the  relation  between  this  property,  the  agent  on 
which  it  operates,  and  the  state  with  regard  to  temperature, 
the  following  clear  statement  is  given  by  Dr  Crawford  ; 
the  term  heat  as  he  uses  it  being  synonymous  with  caloric : 
“ The  temperature,  the  capacity  for  containing  heat,  and 
the  absolute  heat  contained,  may  be  distinguished  from 
each  other  in  the  following  manner  : The  capacity  for  con- 
taining heat,  and  the  absolute  heat  contained,  are  distin- 
guished as  a force  from  the  subject  upon  which  it  operates, 
"When  we  speak  of  the  capacity,  we  mean  a power  inhe- 
rent in  the  heated  body  ; when  we  speak  of  the  absolute 
heat,  w'e  mean  an  unknown  principle  which  is  retained  in 
the  body  by  the  operation  of  this  power;  and  when  we 
speak  of  the  temperature,  we  consider  the  unknown  prin- 
ciple as  producing  certain  effects  upon  the  thermometer.” 
The  capacity  for  containing  heat  may  continue  unchang- 
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ed,  while  the  absolute  heat  is  varied  indefinitely ; and  by 
every  addition  of  absolute  heat  in  this  case,  the  tempera- 
ture will  be  increased,  or  by  its  abstraction  will  be  redu- 
ced. The  temperature  of  a body,  therefore,  depends  on 
its  capacity,  and  on  the  quantity  of  heat  communicated  to 
. it ; and,  from  a variation  of  either,  a change  in  the  tem- 
perature must  result.  If  the  capacity  be  enlarged,  the 
quantity  of  caloric  remairiing  the  same,  the  temfierature 
must  fall  j if  it  be  diminished,  the  temperature  will  rise,  in 
precisely  the  same  way  as  if  the  capacity  had  remained 
constant,  and  caloric  been  withdrawn  or  communicated. 

It  must  be  obvious,  from  the  nature  of  the  experiment 
by  which  the  capacities  of  bodies  are  ascertained,  that  they 
are  not  absolute.  We  discover  only  how  much  caloric  a 
body  gives  out  or  absorbs  during  a certain  cjiangc  of  tem- 
perature ; and  by  observing  the  change  of  temperature 
which  the  body,  from  which  it  has  received,  or  to  which 
it  has  given  this  caloric,  sufh  rs,  we  ascertain  the  compa- 
rative quantities  necessary  to  produce  equal  changes  of 
temperature  in  these  bodies.  But  we  do  not  learn  the  pro- 
portion which  the  quantity  in  each  bears  to  the  whole  ca- 
loric it  contains,  and  therefore  the  capacities  are  merely 
comparative.  Hence  it  becomes  necessary  to  assume  a 
standard,  to  which  the  others  are  referred.  Water  is  ta- 
ken as  this  standard.  Its  capacity  is  stated  at  1000,  and 
the  capacities  of  other  bodies  are  stated  in  relation  to  this. 
Thus  the  capacity  of  hydrogen  gas  is  21.400;  implying, 
that  if,  at  any  given  temperature,  a certain  weight  of  wa- 
ter contain  1000  parts  of  caloric,  the  same  weight  of  hy- 
drogen gas,  at  the  same  temperature,  will  contain  21.400 
such  parts.  'Hie  capacities  have  sometimes  been  estimated, 
by  comparing  bodies  in  equal  volumes,  and  sometimes  by 
comparing  them  in  equal  weights.  The  latter  can  be  done 
with  most  accuracy ; and  it  is  also  proper  to  refer  the 
quantity  of  caloric  contained  in  a body  to  the  quantity  of 
matter,  as  it  is  by  the  action  of  this  matter  on  it  that  the 
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proportion  of  caloric  is  regulated.  The  capacities,  as  they 
relate  to  equal  volumes,  are  found  by  multiplying  the  num- 
ber expressing  the  capacity  or  specific  caloric  of  any  sub- 
stance as  estimated  by  its  weight,  by  the  number  which 
denotes  the  specific  gravity  of  that  substance,  the  product 
being  the  specific  caloric  estimated  by  the  volume.  1 have 
added  at  the  end  of  the  Chapter  tables  of  the  capacities  of 
bodies,  as  ascertained  on  difterent  authorities,  and  accord- 
ing to  the  different  methods  above  explained. 

The  question  naturally  occurs,  To  what  cause  is  the 
difference  in  the  capacities  of  bodies  to  be  ascribed  ? or, 
stating  it  more  generally,  What  is  the  nature  of  that  pro- 
perty by  which  one  body  requires  mure  caloric  than  an- 
other, to  produce  the  same  temperature  ? 

The  most  important  general  fact  with  regard  to  this  is, 
that  there  is  a connection  between  the  capacities  of  bodies 
for  caloric,  and  their  rarity  or  density.  Those  bodies 
which  have  the  smallest  capacities,  are  those  of  greatest 
density,  such  as  the  metals,  while  substances  of  the  great- 
est rarity — the  different  elastic  fluids  or  airs,  are  those 
which  have  the  greatest  capacities  for  caloric. 

The  capacity  of  a body  is  changed  also  by  changing  the 
density,  its  rarefaction  being  accompanied  with  an  increase 
of  capacity.  This  is  conspicuous  in  those  substances  which 
are  most  susceptible  of  rarefaction,  the  aeriform  fluids. 
When  any  species  of  air  is  rarefied  by  the  air-pump,  its 
temperature  falls,  obviously  from  the  increased  rarity  en- 
abling the  air  to  contain  a larger  quantity  of  caloric  at  a 
certain  temperature;  and  as  this  caloric  cannot  be  imme- 
diately absorbed  from  the  surrounding  bodies,  the  tempe- 
rature of  the  air  suffering  rarefaction  must  be  reduced.  On 
the  contrary,  by  compressing  any  aeriform  fluid,  caloric  is 
exiiicated,  the  capacity  being  diminished  by  the  reduction 
of  v olume.  1 he  changes  of  temperature  from  these  causes, 
it  has  been  shewn  by  Mr  Dalton,  are  greater  than  what 
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they  appear  to  be  on  experiment,  owing  to  tlie  surface  of 
the  contiguous  vessel  rapidly  absorbing  or  yielding  caloric, 
and  thus  quickly  checking  the  actual  change*.  To  this 
cause  also  is  to  be  referred  a fact  discovered  by  Mr  Watt, 
and  which  otherwise  appears  anomalous,  which  has  indeed 
appeared  so  much  so  to  Bertliollet,  that  he  is  unwilling  to 
admit  it  f,  “ That  the  latent  heat  of  steam,”  (which,  as 
we  shall  afterwards  shew,  depends  on  the  capacity),  “ is 
less  when  it  is  produced  under  a greater  pressure,  or  in  a 
more  dense  state,  and  greater  when  it  is  produced  under 
a less  pressure,  or  in  a less  dcn>e  stale  J.” 

When,  by  other  means,  the  volume  oi  a body  is  chang- 
ed without  materially  altering  its  natuie,  we  change  its 
capacity  for  caloric.  Thus  the  clay  used  in  Wedgwood’s 
pyrometer  has  its  capacity  diminished  one-third,  by  being 
burnt  to  120°  of  the  pyrometrical  scale,  and  thus  reduced 
to  about  one-half  of  its  bulk,  and  as  it  loses  in  weight  lit- 
tle more  than  two  grains  in  a pound,  the  diminution  of  ca- 
pacity can  only  be  ascribed  to  its  condensation  §.  Lastly, 
when  w'c  combine  substances  together,  if  the  combination 
be  attended  with  an  increase  of  density,  there  is  also  a dimi- 
nution of  capacity,  as  is  exemplified  in  the  combinations 
of  alkohol  or  of  sulphuric  acid  with  water. 

So  far  the  connection  appears  intimate  between  the  ra- 
rity of  bodies  and  their  cajiacities.  These,  however,  are 
not  proportional  to  each  other.  Water  has  a capacity  to 
that  of  mercury  as  28  to  1 , while  the  specific  gravity  of  the 
one  is  to  that  of  the  other  as  1 to  13.  Alkohol  is  less 
dense  than  water,  yet  its  capacity  is  less,  instead  of  being 
o-reatcr,  in  the  proportion  of  602  to  1000.  Many  similar 
examples  might  be  stated,  which  prove  that  the  capacities 
of  bodies  are  not  inversely  as  their  densities. 


• Manchester  Memoirs,  vol.  v. 

■f  Chemical  Statics,  vol.  i,  p.  415. 

^ Philosophical  Transactions,  vol.  Ixxiv,  p.  335. 
^ Philosophical  Transactions  for  1792,  p.  280. 
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Supposing  caloric  to  be  matter,  this  may  be  ascribed  to 
the  attraction  by  which  it  is  contained  in  bodies.  Its  par- 
ticles on  this  hypothesis  being  mutually  repellent,  its  ten- 
dency is  to  diffuse  itself  ecjually  ; and  did  no  foreign  power 
operate,  it  would  be  contained  in  all  bodies,  the  tempe- 
ratures being  alike,  in  quantities  proportioned  to  the  spaces 
they  occupy.  But  an  attraction  being  exerted  towards  it, 
modifies  the  law  which  would  otherwise  be  observed  *,  and 
this  being  different  in  its  intensity  in  different  bodies,  may 
give  rise  to  the  specific  quantities  which  they  contain.  Ac- 
cordingly, Crawford  found,  what  is  conformable  to  this 
view,  that  more  caloric  is  contained  at  a given  tempera- 
ture in  a certain  volume  of  atmospheric  air,  than  in  a va- 
cuum of  the  same  space  *. 

Caloric,  then,  on  this  hypothesis,  may  be  considered  as 
having  a tendency  to  diffuse  itself  equally  over  space,  and 
of  course  to  exist  in  bodies  in  quantities  proportional  to 
the  void  spaces  between  their  particles,  or  rather  to  the 
distances  to  which,  by  its  elasticity,  and  their  relative  force 
of  cohesion,  it  is  capable  of  separating  them  at  a given 
temperature.  But  this  is  modified  by  the  attraction  ex- 
erted towards  it  by  the  particles  between  which  it  is  inter- 
posed, by  which  it  is  condensed  ; and  the  attraction,  it 
may  be  presumed,  being  different,  as  exerted  by  different 
bodies,  hence  may  arise  the  difference  in  the  quantity  of 
it  contained  in  different  bodies  at  any  given  temperature. 
At  the  same  time,  in  the  exertion  of  diis  specific  attraction, 
we  observe  none  of  the  usual  laws  of  chemical  affinity  ; 
the  phenomena  attending  the  communication  or  abstrac- 
tion of  caloric  are  dissimilar  to  those  of  chemical  conibi- 
nation  ; it  exists  in  bodies  with  its  properties  unaltered, 
the  quantity  they  contain  only  being  determined  by  the  at- 
traction they  exert  towards  it.  And  the  relations  of  this 
agent  are  so  peculiar,  that  no  analogy  from  ponderable 


* Treatise  on  Animal  Heat,  p.  266. 
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substances  can  be  justly  transferred  to  it,  nor  can  much 
conddence  be  given  to  any  theory  founded  on  such  ana- 
logies, The  general  fact  must  therefore  be  established 
merely  as  an  ultimate  one,  that  bodies  require  specific 
quantities  of  caloric  for  the  production  of  temperature,  a 
fiict  expressed  by  saying  that  they  have  different  capaci- 
ties for  caloric. 

On  the  subject  of  capacities,  it  is  an  interesting  question, 
whether  they  are  permanent ; in  other  words,  are  they  the 
same  at  all  temperatures  ? Will  the  quantity  of  caloric 
which  raises  the  temperature  a certain  number  of  degrees 
at  one  part  of  the  thermometrical  scale,  su[)pose  at  the  me- 
dium temperature  of  the  atmosphere,  raise  it  the  same 
number  of  degrees  at  any  other,  either  higher  or  lower 
than  this?  It  is  obvious  that  this  may  not  be  the  case,  but 
that  the  rise  of  temperature  itself^  and  the  effects  by  which 
it  is  accompanied,  may  give  rise  to  a change  in  the  relation; 
so  that,  at  different  parts  of  the  scale  of  heat,  the  change 
from  the  communication  of  a given  quantity  of  caloric 
may  be  either  gi  eater  or  less  than  at  other  temperatures. 

In  considering  this  question,  it  is  necessary  to  remark, 
that  the  capacities  of  bodies  are  altered  when  they  change 
their  forms.  When  they  pass  from  the  solid  to  the  fluid, 
or  from  the  fluid  to  the  aetiform  state,  their  capacities  are 
enlarged,  and  are  diminished  when  they  suffer  the  reverse 
changes : But,  with  this  excejition  of  change  of  form,  are 
their  capacities  permanent  or  not  ? 

This  w’as  investigated  by  Crawford.  The  experiment 
he  employed  consisted  in  mixing  equal  quantities  of  the 
same  body,  at  different  temperatures.  If  the  capacity  at 
all  temperatures  between  these  were  uniform,  it  is  obvious, 
that  the  temperature  formed  would  be  the  arithmetical 
mean  ; for  the  quantity  of  caloric  abstracted  from  the  hot-  . 
ter  portion,  and  communicated  to  the  colder,  would  raise 
the  temperature  of  the  one  just  as  much  a>  it  reduced  that 
ol  the  other.  But  if  the  capacity  were  not  permanent, 
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if  it  was  either  augmented  or  diminished  by  a’  rise  or  fall 
of  temperature,  there  would  be  a deviation  greater  or  less 
from  the  mean.  If  the  capacity  were  greater  at  a high 
than  at  a low  temperature,  then  the  temperature  result- 
ing from  mixing  the  two  portions  together  would  be  above 
the  arithmetical  mean,  as  the  quantity  of  caloric  yielded 
by  the  hotter  to  the  colder  would  not  reduce  its  tempe- 
rature so  much  as  it  would  raise  that  ot  the  other  ; and, 
on  the  other  hand,  if  the  capacity  were  less  at  the  high 
temperature,  the  resulting  temperature  would  be  below  the 
mean. 

To  determine  this,  Crawford  mixed  equal  portions  of 
hot  and  cold  water ; the  temperature  of  the  mixture  was 
the  mean  between  the  two ; and  hence  he  concluded,  that 
the  capacity  of  water  is  permanent  in  all  temperatures  be- 
tween its  freezing  and  boiling  points.  He  extended  his 
experiments  to  other  substances,  especially  to  the  metals, 
and  some  of  their  compounds  ; and  though  the  results  did 
not  correspond  accurately  with  the  supposition  of  a per- 
manence of  capacity,  they  agreed  more  nearly  with  it  than 
with  any  other : “ Hence  we  may  conclude  in  general,” 
he  adds,  “ that  the  capacities  of  bodies  which  retain  thfe 
same  Ibrm,  are  permanent  in  the  intermediate  tempera- 
tures between  the  freezing  and  boiling  points  of  water ; 
and  we  may  infer  by  deduction,  that  the  same  law  obtains 
throujihout  the  whole  of  the  scale  of  heat 

Admitting  that  there  is  no  sensible  deviation  from  per- 
manence of  capacity  in  that  part  ot  the  scale  of  tempera- 
ture intermediate  between  the  freezing  and  boiling  points 
of  water,  it  cannot  be  inferred,  by  any  strict  induction,  as 
Crawford  supposes,  that  the  same  permanence  will  conti- 
nue at  all  temperatures.  It  is  even  far  from  being  impro- 
bable, tliat  a change  of  capacity  may  arise  from  changes 
©f  temperature,  when  these  are  considerable ; and  if  the 
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view  which  I have  given  of  the  cause  of  the  difference  of 
capacities  in  bodies  be  just,  such  a change  must  take  place. 
If  the  cjiiantity  of  caloric  contained  in  bodies  be  in  f^art 
proportional  to  their  rarity,  since  increase  of  temperature 
is  accompanied  by  expansion,  it  seems  necessarily  to  fol- 
low, that  it  must  give  rise  to  some  enlargement  of  capaci- 
ty. When  the  volume  of  a body  is  ino  eased,  without  the 
direct  application  of  caloric,  as  in  the  gases  by  withdraw- 
ing pressure,  their  capacities  are  augmented.  Is  it  not, 
therefore,  reasonable  to  believe,  that  when  the  volume  is 
aug  nented  by  the  operation  of  caloric  itself,  there  should 
stil-  be  an  augmentation  of  capacity  ? Indeed,  in  the  for- 
mer case,  the  augmentation  of  volume,  and  ultimately  of  ca- 
pacity, are  really  owing  to  the  operation  of  caloric ; for  the 
withdrawing  pressure  only  removes  an  obstacle  to  its  ex- 
ertion ; and  the  fact  therefore,  at  once  proves,  that  when 
the  volume  of  a body  is  enlarged,  by  the  operation  of  ca- 
loric, the  capacity  is  also  increased.  And  as  enlargement 
of  volume  is  a consequence  of  augmentation  of  tempera- 
ture, it  seems  to  follow  that  it  must  give  rise  to  enlarge- 
ment of  capacity. 

The  influence  of  the  specific  attraction  of  bodies  to  Ca- 
loric, in  determining  the  caf)acity,  may  indeed  be  greater 
than  that  of  the  volume  j but  still  the  other  must  operate 
to  a certain  extent,  and  this  extent  it  is  not  possible  a 
•priori  to  determine,  for  we  do  not  know  the  relative  in- 
fluence of  these  two  causes  in  giving  rise  to  the  specific 
capacity,  and  still  less  do  we  know  the  amount  of  ex[ian- 
sion  through  the  whole  scale  of  temperature.  This  con- 
clusion, too,  is  not  weakened  by  the  fact,  admitting  it  to 
be  established,  that  the  capacities  are  permanent  between 
the  freezing  and  boiling  points  of  w'ater  j for  this  part  of 
the  scale  of  temperature  is  so  inconsiderable,  compared 
with  ilie  whole,  that  no  just  inference  can  be  drawn  from 
any  fact  relating  to  it,  as  to  what  will  happen  in  other 
parts  ot  the  scale  ; and  the  degree  ot  expansion  which  bo- 
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dies  experience  in  passing  through  it  must  be  so  inconsi- 
derable, compared  with  their  whole  expansion,  as  may  be 
incapable  of  producing  any  sensible  deviation  from  the 
permanence  of  capacity.  But  even  this  is  not  well  ascer- 
tained ; for  there  is  a source  of  error  in  the  experiment  of 
Crawford  to  establish  it,  in  his  previously  taking  for  grant- 
ed, that  the  mercurial  thermometer  is  an  accurate  mea- 
sure of  temperature.  This  latter  point  is  established  by 
the  very  experiment  by  which  the  permanence  of  capacity 
is  established,  and  there  is  in  the  investigation  somethfng 
approaching  to  reasoning  in  a circle.  Equal  portions  of 
water,  at  different  temperatures,  are  mingfed  together,  and 
it  is  observed  whether  the  mean  temperature  between  the 
two  is  indicated  by  the  thermometer.  If  it  be,  it  is  con- 
cluded that  the  expansions  of  the  thermornetrical  fluid  are 
equable,  and  of  course  that  they  give  accurate  indications 
of  temperature.  But  in  drawing  this  inference,  it  is  sup- 
posed, that  the  capacity  of  the  water  is  permanent ; for  if 
it  were  not,  it  is  possible  that  the  deviation  iVom  perma- 
nence in  the  capacity  might  counterbalance  the  deviation 
from  equality  in  the  expansions  of  the  thermometric  fluid, 
and  of  course  conceal  it.  Again,  the  permanence  of  capa- 
city is  determined  by  the  same  experiment,  assuming  now 
that  the  thermometer  is  an  accurate  measure  of  tempera- 
ture ; for  if  it  were  not,  it  is  equally  obvious,  that  its  irre- 
gularities might  counteract  irregularities  in  the  capacities, 
and  be  so  adjusted  to  them  as  to  balance  each  other,  in 
consequence  of  which  a thermometer  put  into  the  mingled 
portions  of  fluid  should  indicate  the  precise  arithmetical 
mean.  Thus,  if  the  expansions  of  the  thermomeiric  fluid 
proceed  in  an  increasing  ratio,  the  temperature  indicated 
by  the  thermometer,  in  the  mixture  of  two  equal  portions 
of  a liquid  at  diflerent  temperatures,  must  be  below  the 
real  mean.  If,  on  the  other  hand,  the  capacity  of  the  li- 
quid increases  as  its  temperature  rises,  the  resulting  tem- 
perature would  be  above  the  mean.  Now,  it  is  possible, 
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that  both  these  conditions  may  be  present,  and  modify 
each  other.  The  experiment  therefore  is  indecisive  ; and 
it  is  still  more  doubtful,  when  there  is  not  merely  the  pos- 
sibility of  this,  but  when  it  is  actually  probable  a priori^ 
both  that  the  expansions  of  the  thermometer  proceed  in  an 
increasiiifT  ratio  as  the  temperature  rises,  and  that  the  ca- 
pacities likewise  increase,  whence  sucli  an  adjustment  may 
be  established  to  the  extent  required. 

Dr  Crawford,  sensible  of  this,  endeavoured  to  establish 
tlie  regularity  of  the  mercurial  thermometer  in  another 
manner,  not  implying  any  thing  as  to  the  permanence  of  ca- 
pacity. The  experiment  has  been  stated,  (p.  2ii().)  as  well  as 
the  conclusion  drawn  Ifom  it,  that  the  mercurial  thermo- 
meter is  very  nearly  an  accurate  measure  of  temperature. 
But  Crawford  perhaps  rather  under  rated  the  increasing  ex- 
pansions of  mercury  : the  thermometer  does  not  approach 
so  nearly  to  accuracy  as  he  supposed  ; and  the  experiment 
by  which  he  determined  the  permanence  of  capacity  in 
water  between  32°  and  212°,  is  not  perfectly  conclusive. 
The  probabilities  still  continue  in  favour  of  the  conclu- 
sion, that  in  common  with  all  bodies,  it  suffers  an  increase 
of  capacity  with  augmentation  of  temperatui'o. 

That  this  is  the  case  with  regard  to  some  bodies,  has 
even  been  ascertained.  Gadolin  observed  it  in  liutseed  oil; 
and  Crawford  discovered  it  in  some  saline  solutions,  and 
in  a mixture  of  sulphuric  acid  and  water,  and  of  alkohol 
and  water,  by  finding,  that  when  the  constituent  parts  of 
these  solutions  or  mixtures  were  mixed  at  a high  tempe- 
rature, they  produced  less  sensible  heat  than  when  mixed 
at  a low  temperature;  the  compound,  in  the  former  case, 
being  capable  of  containing  more  caloric  than  in  the  lat- 
ter : he  also  found,  by  direct  experiment,  that  mixing  to- 
gether equal  parts  of  diluted  sulphuric  acid  at  different 
temperatures,  the  resulting  temperature  was  greater  than 
the  arithmetical  mean*.  Now,  if  even  in  the  small  part 


* Treatise  on  Animal  Heat,  p.  479. 


OF  SPECIFIC  CALORIC. 


403 


of  the  scale  of  temperature  at  which  we  can  make  our  ex- 
periments, thei’e  are  perceptible  deviations  from  uniformi- 
ty, much  more  is  it  probable,  that  in  the  whole  extent  of 
the  scale  they  will  happen,  and  to  an  extent  of  which  we 
can  know  nothing.  These  variations  arise  probably  from 
the  expansion  produced  by  caloric  itself,  by  which  the  vo- 
lume of  the  body  is  altered,  and  the  law  by  which  the 
quantity  of  caloric  it  contains  at  a given  temperature  is 
modified.  But  we  know  nothing  of  the  total  amount  of  ex- 
pansion in  bodies  from  the  real  zero,  and  therefore,  if  ex- 
pansion enlarge  capacity,  as  it  probably  does,  it  must  be 
difficult  or  impossible  to  say  what  the  amount  of  this  en- 
largement is ; of  course,  what  may  be  the  difference  be- 
tween the  capacity  of  a body,  estimated  at  the  temperature 
at  which  we  can  subject  it  to  experiment,  and  its  capacity 
at  lower  points  in  the  thermometrical  scale. 

From  the  operation  of  the  general  law  now  illustrated, 
with  regard  to  the  distribution  of  caloric  in  bodies,  may 
be  explained  its  extrication  in  many  cases  of  chemical  ac- 
tion, and  its  absorption  in  others.  Dr  Irvine  first  percei- 
ved its  importance  in  this  point  of  view.  Having  shewm 
the  insufficiency  of  the  vague  hypotheses  on  which  the  pro- 
duction of  heat  and  cold  from  chemical  mixtures  had  been 
attempted  to  be  explained,  particularly  of  the  hypothesis 
of  Newton,  that  the  heat  produced  in  the  mutual  action  of 
bodies  is  owing  to  the  violent  motions  and  collisions  of 
their  particles,  he  observes,  “ that  the  reason  why  heat  is 
produced  by  mixing  fluids  seems  to  be,  that  the  ingre- 
dients which  compose  the  mixed  fluid  are  in  a different 
state  with  regard  to  heat  from  what  they  were  before : it 
would  seem,  that  whatever  is  the  cause  of  heat,  it  has  a 
greater  effect  in  heating  the  bodies  after  the  mixture  than 
it  ought  to  have  had  in  proportion  to  its  power  of  heating 
the  ingredients  before  mixture  In  other  words,  in  such 
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mixtures  the  capacity  of  tlie  compound  for  caloric  is  infe- 
rior to  the  mean  of  the  capacities  of  the  substances  com- 
bined, and  hence  an  augmentation  of  temperature  must 
take  place.  This  principle  he  illustrated,  and  also  esta- 
blished by  experiment.  It  was  successfully  applied  by  Dr 
Crawford  to  explain  the  heat  which  is  produced  in  com- 
bustion, and  other  chemical  processes,  as  well  as  the  heat 
generated  by  respiration  in  the  animal  system.  On  the 
other  hand,  when  the  capacity  is  enlarged,  or  that  of  the 
compound  is  greater  than  the  mean  capacity  of  its  consti- 
tuent parts,  an  absorption  of  caloric  must  follow  ; and  on 
this  principle  is  explained  the  cold  attending  some  com- 
binations, as  the  solutions  of  salts  in  water,  and  the  in- 
tense colds  g'  nerated  by  w hat  are  named  Freezing  Mix- 
tures. The  proposition  is  indeed  probably  just,  that  all 
variations  of  temperature,  not  arising  from  the  immediate 
communication  of  caloric  from  an  external  source,  origi- 
nate in  changes  of  capacity.  That  they  do  arise  from 
this  cause  in  many  cases  can  be  experimentally  establish- 
ed, and  any  exceptions  to  the  proposition  are  doubtful  or 
imperfectly  understood. 


Sect.  V. — Of  the  quantities  of  Caloric  ivliich  different 
forms  of  the  same  bodies  contain. 

FIaving  illustrated  the  law,  that  dift’erent  bodies,  at  the 
same  temperature,  contain  different  quantities  of  caloric, 
in  proportions  regulated  neither  by  their  weights  nor  vo- 
lumes, 1 have  next  to  observe,  that  a similar  law  exists  with 
regard  to  differe7it  forms  of  the  same  body  ; that  a body  in 
the  liquid  form  contains  more  caloric,  or  requires  a larger 
quantity  to  produce  a given  change  of  temperature  in  it, 
than  it  does  while  solid  ; and  in  the  state  of  air  or  vapour. 
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it  contains  still  more  than  it  does  in  the  liquid  form. 
Hence,  when  a solid  is  melted,  or  a liquid  is  converted  in- 
to vapour,  quantities  of  caloric  are  absorbed,  which  have 
no  effect  in  producing  augmentation  of  temperature,  fhis 
phenomenon,  constituting  what  has  been  named  Latent 
Heat  or  Latent  Caloric,  probably  depends  on  change  of 
capacity,  though  it  has  also  been  referred  to  a different 
cause.  It  is  necessary  to  state  first  the  facts  by  which  it  is 
established ; the  opinions  with  regard  to  it  may  then  be 
considered. 

The  fact  of  the  absorption  of  caloric  in  these  changes  of 
form  was  discovered  by  Dr  Black.  Previous  to  the  year 
1762,  he  had  described  in  his  lectures  some  of  the  experi- 
ments by  which  it  is  established.  Wilcke,  in  1772,  read 
to  the  Academy  of  Sciences  at  Stockholm,  a dissertation, 
in  which  he  states,  as  his  own  discovery,  the  fact  that  ice 
in  melting  absorbs  a quantity  of  caloric;  and  there  is  no 
evidence  that  he  was  informed  of  the  discoveries  of  Black. 
The  imperfect  observations  and  loose  conjectures  of  De 
Luc  on  the  same  subject  cannot  be  regarded  as  establish- 
ing any  claim  to  the  discovery ; nor  has  it  with  more  jus- 
tice been  assigned  to  Lavoisier,  who,  however,  can  scarce- 
ly be  acquitted  from  the  charge  of  having  sought  to  appro- 
priate it,  with  regard  to  aeriform  fluids,  with  slight  modi- 
fications, without  sufficient  acknowledgment  to  Dr  Black. 

The  truth  of  the  fact  is  apparent,  when  the  phenomena 
attending  liquefaction  or  vaporisation  are  attentively  ex- 
amined, and  it  was  the  observation  of  these  that  led  Dr 
Black  to  the  discovery.  If  ice,  for  example,  be  at  a tem- 
perature below  32°,  on  exposing  it  to  a warmer  atmos- 
phere, it  receives  caloric,  and  gradually  rises  to  that  point 
of  the  thermometrical  scale.  But  the  moment  it  reaches 
it,  the  rise  ceases;  it  begins  to  melt;  melts  slowly;  and 
during  the  whole  time  of  melting,  its  temperature,  as  well 
as  that  of  the  w’ater  flowing  from  it,  arc  stationary  at  32°. 
Yet  caloric  continues  to  be  communicated  as  before  j and 
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that  tills  caloric  is  absorbed  by  it,  Dr  Black  remarked,  is 
obvious,  from  the  atmosphere  being  cooled  by  the  melting 
ice,  and  a current  of  cold  air  descending  from  the  vessel 
the  whole  time.  Here,  therefore,  a quantity  of  caloric  is 
absorbed,  or  disappears  during  the  fusion,  without  raising 
the  temperature.  The  same  phenomenon  is  observed 
when  a liquid  is  converted  into  vapour.  II  we  take  a por- 
tion of  water  and  communicate  caloric  to  it,  its  tempera- 
ture is  raised,  and  this  rise  proceeds  while  the  caloric  is 
added,  until,  under  the  common  atmospheric  pressure,  it 
arrives  at  2i2°  of  Fahrenheit.  At  this  point  it  begins  to 
boil,  or  to  be  converted  rapidly  into  vapour,  which  es- 
capes. But  while  it  is  suffering  this  change,  its  tempera- 
ture is  stationary,  as  is  that  also  of  the  vapour  arising 
from  it,  a thermometer  in  either  indicating  212°.  The 
conclusion  is  in  this  case  the  same  as  in  the  other.  The 
vessel  containing  the  water  placed  on  a fire  must  continue 
to  receive  caloric  alter  it  boils  as  it  did  before ; but  the 
caloric  thus  added  is  absorbed  without  producing  aug- 
mentation of  temperature.  The  liquid  in  the  one  case, 
and  the  vapour  in  the  other,  after  it  is  formed,  has  its  tem- 
perature raised  by  increments  of  heat. 

' Dr  Black,  not  satisfied  with  the  general  observation  of 
these  phenomena,  endeavoured  to  ascertain  the  fact  w-ith 
more  accuracy,  and  to  discover  even  the  quantity  of  calo- 
ric which  disappears. 

In  two  glass  ve.'^sels  of  the  same  size  and  weight,  he  put 
portions  of  wj.ter, — five  ounces  in  each.  The  water  in 
one  of  the  vessels  he  froze  by  a freezing  mixture,  and  re- 
moving the  vessel  into  an  atmosphere  at  4T®,  allowed  the 
ice  in  it  to  rise  to  the  temperature  of  32°.  While  this 
was  doing,  he  cooled  the  water  in  the  other  vessel  w ithout 
freezing  any  of  it,  to  33®,  and  placed  in  it  a delicate  ther- 
mometer. It  was  exposed  to  the  same  atmosphere  at  the 
tem})erature  of  4'T®  as  the  other,  and  the  rise  of  its  tem- 
perature observed  by  the  thermometer.  At  the  end  of 
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half  an  hour  it  had  risen  7 degrees.  The  ice  in  the  other 
vessel  was  not  melted ; its  temperature  remained  at  32°, 
though  it  must  have  received  caloric  from  the  surrounding 
atmosphere  equally  with  the  other.  It  continued  to  melt 
slowly  i at  the  end  of  104-  hours  a very  small  piece  of  it 
only  remained  unmelted  ; in  a few  minutes  more,  this  was 
melted  ; and,  on  introducing  a thermometer  into  the 
water,  its  temperature  was  40°  ; this  rise,  while  in  con- 
tact with  the  ice,  being  owing  to  its  imperfect  conducting 
power. 

From  this  experiment,  he  remarked,  it  appears,  that 
exposure  to  an  atmosphere  of  47°  for  21  halt  hours  was 
requisite  to  melt  five  ounces  of  ice,  and  raise  the  tempera- 
ture of  the  water  produced  from  it  to  40°.  Now,  the 
quantity  of  heat  which  it  had  received  during  this  time 
may  be  estimated  from  the  quantity  communicated  to  the 
water  in  the  other  vessel,  and  discovered  in  it  by  the  rise 
of  temperature  it  produced  ; for  as  the  two  vessels  were 
in  situations  perfectly  alike,  the  same  quantity  must  have 
been  communicated  to  each.  In  half  an  hour,  as  much 
> heat  had  been  communicated  to  the  water  as  raised  its 
temperature  7 degrees.  In  2 1 half  hours,  therefore,  the 
quantity  communicated  to  the  ice,  and  absorbed  by  it, 
must  have  been  7x21,  or  such  as  would  have  raised  the 
temperature  of  the  same  weight  ot  water  147  degrees. 
Yet  no  part  of  this  appeared  in  the  ice-water,  except  8 de- 
grees, the  temperature  of  that  water  at  the  end  of  the  ex- 
periment being  only  40°:  the  remaining  139  degrees  must 
have  been  absorbed,  therefore,  by  the  ice  in  melting,  with- 
out occasioning  any  rise  of  temperature. 

A quantity  of  ice,  weighing  59^  drachms,  at  32°,  was 
put  into  a quantity  of  water,  weighmg  674  drachms  at  the 
temperature  of  > 90  degrees.  In  a few  seconds  the  ice  was 
melted,  and  the  temperature  of  the  resulting  fluid  was  .'>3°. 
In  this  experiment,  the  temperature  of  the  water  was  re- 
duced from  190°  to  53°  ; the  vessel  in  which  this  warm 
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wafer  was  contained,  and  whicli  must  liave  been  also  at 
190°,  was  likewise  reduced  to  53^^;  this  vessel  weighed 
8 drachms ; but  it  being  ascertained  by  experiment  that 
its  power  in  heating  bodies  was  not  more  than  half  that 
of  water,  the  8 drachms  may  be  regarded  as  equivalent  to 
4 of  w’ater.  A quantity  of  water,  therefore,  weighing  67-|- 
drachms,  and  a quantity  of  matter  having  the  same  heat- 
ing power,  amounting  to  4 dracljms,  iiad  their  tempera- 
ture reduced  from  190°  to  53®,  or  lost  137  degrees.  These 
were  communicated  to  the  59^  drachms  of  ice  at  32°;  and 
according  to  the  relative  f)roportions  of  the  hot  and  cold 
matter,  if  there  had  been  no  loss,  ocight  to  have  raised 
the  ice  86  degrees;  but  they  produced  a rise  of  only  21 
degrees.  Here,  therefore,  65  degrees  disappeared, — a 
quantity  which  would  have  been  sufficient  to  raise  the  tem- 
perature of  a quantity  of  water  equal  in  weight  to  the  ice, 
143  degrees.  This  quantity  of  heat,  however,  had  entire- 
ly disappeared,  and  so  far  this  experiment  corresponds 
nearly  with  the  former.  Dr  Black  confirmed  both  by  a 
very  simple  experiment,  adding  a given  weight  of  ice  at 
32°  to  the  same  weight  of  water  at  l 76®  ; the  ice  was  melt- 
ed, and  the  temperature  of  the  whole  liquid  was  still  not 
more  than  32°  *. 

In  the  conversion  of  bodies  from  the  liquid  to  the  aeri- 
form state,  a similar  absorption  of  caloric  lakes  place  with- 
out raising  the  temperature  either  of  ihe  vapour  or  of  the 
body  suffering  the  change.  This  likewise  Dr  Black  esta- 
blished by  experiment. 

In  several  cylindrical  tin-plate  vessels,  placed  on  an 
iron  plate,  heated  by  a fire  beneath,  equal  portions  of  wa- 
ter were  put,  at  the  temperature  of  50'-'.  After  4 minutes 
the  water  began  to  boil,  and  in  20  minutes  was  entirely 
dissipated.  In  4 minutes,  therefore,  these  portions  of  wa- 
ter had  been  raised  from  5n°  to  2 i 2°,  and  of  course  had 


* Black’s  Lectures,  vol.  i,  p.  121—4,  5. 


GB  LATENT  CALOEIC. 


40d 


received  a quantity  of  heat  capable  of  raising  the  tempe- 
rature of  that  liquid  1P2  degrees,  or  at  the  rate  of  40I-' 
each  minute.  After  the  boiling  commenced,  heat  must 
have  been  communicated  from  the  hot  iron-plate  to  the 
liquid  as  before;  in  the  20  minutesj  therefore,  810  degrees 
must  have  been  absorbed.  Yet  these  were  not  discovera- 
ble by  any  rise  of  temperature,  the  boiling  liquid  and  the 
vapour  arising  from  it  being  constantly  at  2 1 2°  *. 

This  result  was  confirmed  by  another  experiment  more 
striking.  A quantity  of  water  was  put  into  a strong  phial, 
so  as  to  fill  it  about  one-half.  It  was  corked  strongly, 
placed  in  sand,  and  heat  applied.  It  began  to  boil,  but  in 
a short  time  this  ebullition  ceased ; the  pressure  on  the 
water,  from  the  accumulation  of  the  vapour,  being  suffi- 
cient to  prevent  it ; the  fluid,  therefore,  had  its  temperature 
soon  raised  above  2i2®.  It  rose  to  222°.  The  cork  was 
then  suddenly  withdrawn-  But  instead  of  the  whole  water 
rushing  out  in  vapour,  as  might  have  been  expected,  from 
its  being  heated  10  degrees  above  the  temperature  at  which 
it  passes  into  that  state,  only  a small  part  of  it  escaped, 
and  the  remaining  quantity  fell  to  the  temperature  of  21 2°; 
the  quantity  of  vapour  which  was  formed  absorbing  the 
whole  excess  of  heat  above  that  point. 

The  experiment  was  repeated  by  Mr  Watt  on  a large 
scale.  In  a copper  digester,  with  a valve,  he  heated  a 
quantity  of  water,  and  when  it  began  to  boil,  closing  the 
valve,  he  allowed  it  to  remain  on  the  fire  half  an  hour. 
Removing  it,  and  opening  the  valve,  a quantity  of  vapour 
rushed  out  with  great  force ; but  instead  of  the  whole  of 
the  water  having  passed  into  vapour,  as  might  have  been 
expected,  considering  the  high  temperature  to  which  it 
must  have  been  raised,  he  found,  that  of  three  inches,  only 
one  inch  had  escaped  under  this  form  f. 


* Black’s  Lectures,  vol.  i,  p.  158. 
t Ibid.  p.  159,  160. 
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This  experiment  illustrates  the  phenomena  attending 
the  conversion  of  a liquid  into  vapour.  Under  the  ordi- 
nary pressure  of  the  atmosphere,  waier  cannot  be  heated 
beyond  since,  as  soon  as  it  arrives  at  this,  vapour 

is  formed,  and  this  absorbing  caloric,  prevents  the  tempe- 
rature from  rising,  and  in  some  measure  conceals  the  real 
quantity  received.  But  by  confining  it  under  a greater 
pressure,  the  early  formation  of  vapour  is  prevented,  and 
when  the  pressure  is  removed,  the  quantity  of  caloric  which 
disappears  is  more  clearly  perceived. 

Dr  Black  remarked,  that  the  same  fact  is  established  by 
the  reduction  of  temperature  which  attends  the  transition 
of  a body  into  vapour  in  vacuo.  Ihe  temperature  of  hot 
water,  for  example,  in  the  vacuum  of  the  air-pump,  will 
fall  rapidly  to  the  90th,  or  even  to  the  70th  degree  of  Fah- 
renheit. This  is  shewn  still  more  remarkably  in  the  eva- 
poration of  certain  volatile  fluids,  as  alkoln>l  or  ether, — a 
considerable  degree  of  cold  always  attending  it.  Ihis  was 
first  accurately  observed  by  Dr  Unllen.  On  wetting  the 
bulb  of  a thermometer  w ith  either  of  these  liquids,  and  sus- 
pending it  iti  the  air,  he  observed,  that  the  mercury  in  the 
thermometer  sunk  rapidly  Ihe  more  volatile  the  liquid 
was,  the  greater  was  the  reduction  of  temperature,  and 
whatever  hastened  the  evaporation,  as  directing  a current 
of  air  on  the  wet  bulb,  increased  the  cold.  By  causing  a 
rapid  evaporation  of  ether  in  the  air-pnmj),  such  a degree 
of  cold  was  even  produced,  as  to  freeze  a portion  of  water 
in  a vessel  in  which  the  phial  containing  the  ether  stood  *. 
The  explanation  of  these  experiments  is  obvious.  These 
fluids  are  so  volatile  as  to  evaporate  at  the  common  tem- 
perature of  the  atmosphere  ; and  in  passing  from  the  li- 
quid to  the  aeriform  state,  they  follow  the  general  law,  and 
absorb  caloric  from  the  matter  with  which  they  are  in  con- 
tact. 


• Black’s  Lectures,  vol.  i,  p.  162. 
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Lastly,  if  a substance  be  disengaged  from  a combination, 
and  passes  into  the  aeriform  state,  the  chemical  action  by 
which  it  is  disengaged  is  attended  with  a less  production 
of  heat  than  when  a similar  action  is  excited,  without  the 
disengagement  of  an  afriform  fluid,  as  was  shewn  by  La- 
voisier, by  several  experiments*. 

All  these  facts  prove  the  truth  of  the  general  law.  That 
When  bodies  pass  from  the  solid  to  the  liquid,  or  from  the 
liquid  to  the  aerial  form,  a quantity  of  caloric  is  absorbed, 
Xvhich  has  no  effect  in  raising  the  temperature  of  the  liquid, 
or  of  the  vapour  or  air  which  is  formed. 

It  may  be  expected,  that  the  quantity  of  heat  absorbed 
will  be  disengaged  and  rendered  sensible,  when  the  body 
returns  to  its  former  state.  This  accordingly  happens. 
When  a liquid  is  exposed  to  an  atmosphere  colder  than 
what  would  be  sufficient  to  freeze  it,  its  temperature  is 
gradually  reduced,  until  it  arrives  at  the  point  at  which  it 
congeals.  But  whenever  it  attains  this,  its  temperature 
becomes  stationary,  and  continues  so  until  it  has  become 
entirely  solid,  although  the  cold  atmosphere  must  be  ab- 
stracting caloric  from  it  as  before. 

To  render  this  more  evident.  Dr  Black  exposed  a quan- 
tity of  pure  water,  and  another  equal  quantity  of  water  to 
which  a little  salt  had  been  added  to  prevent  it  from  freez- 
ing, in  similar  vessels,  to  an  atmosphere  below  32°.  Both 
were  soon  cooled  down  to  this  point.  The  water  in  which 
the  salt  was  dissolved  continued  to  descend  still  lower  in 
its  temperature:  but  the  pure  water,  beginning  to  freeze, 
remained  stationary  at  32°  ; the  heat  which  it  had  absorb- 
ed, when  it  passed  from  the  state  of  ice  to  that  of  water, 
being  now  given  out  as  it  returned  to  the  state  of  ice  •,  and 
this  keeping  up  its  temperature,  though  the  cold  atmos- 
phere must  have  been  acting  on  it  equally  as  on  the  other. 

There  is  another  experiment  in  which  this  evolution  of 


* Memoires  de  I’Acad,  des  Sciences,  1777,  p.  430. 
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caloric  is  rendered  apparent.  If  agitation  be  avoided,  wa- 
ter can  be  cooled  a number  of  degrees  below  iis  common 
freezing  point,  or  S2°,  without  freezing.  But  if  it  be  then 
agitated,  ice  is  instantly  formed,  and  the  temperature  rises 
to  S2^.  This  arises  from  the  evolution  of  the  portion  of 
latent  heat  contained  in  the  quantity  of  water  that  freezes  * ; 
the  quantity  evolved  being  of  course  greater,  as,  from  the 
previous  greater  cooling,  more  of  the  water  is  converted 
into  ice. 

A similar  extrication  of  heat  attends  the  reduction  of  a 
vap(jur  or  gas  to  the  liquid  form.  If  a certain  weight  of 
aqueous  vapour  be  condensed,  by  receiving  it  in  water,  the 
water  will  have  its  temperature  raised  much  higher,  than 
by  the  addition  of  the  same  weight  of  water  at  the  same 
temperature  as  that  of  the  vapour.  This  was  observed  by 
Dr  Black,  and,  with  the  assistance  of  Dr  Irvine,  he  made 
several  experiments  to  discover  the  quantity  of  heat  evol- 
ved. It  was  diffit  ult  to  guard  against  the  abstraction  of 
caloric,  by  the  vessels  and  the  surrounding  air;  but  in  ge- 
neral it  was  conclufled,  that  the  quantity  was  not  less  than 
774  degrees  f.  Mr  Wait,  in  repeating  the  experiments, 
supposed  it  to  be  and  from  others  he  has  fixed  it  at 

not  less  than  900°,  and  not  more  than  9o0  degrees  of  Fah- 
renheit’s scale. 

Mr  Watt  ascertained  this  too  in  another  mode, — con- 
densing the  steam  by  mechanical  pressure.  He  fitted  a 
piston  accurately  to  a metallic  cylinder,  and  transmitting 
watery  vapour  through  it,  to  expel  the  atmospheric  air, 
when  the  cavity  of  the  cylinder  was  filled  with  vapour,  he 
pushed  down  the  piston,  so  as  suddenly  to  condense  it,  the 
caloric  evolved  being  communicated  to  water  in  which  the 
extremity  of  the  cylinder  had  been  put.  The  quantity  of 
heat  thus  extricated,  according  to  Dr  Crawford’s  state- 


* Black’s  Lectures,  vol.  i,  p.  128. 
t Ibid.  p.  J72. 
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tiieht)  was  such  as  would  be  sufficient  to  raise  the  tempera- 
ture of  an  equal  weight  of  a body  having  the  same  capaci- 
ty as  water,  and  which  would  not  evaporate,  943  degrees 
of  Fahrenheit’s  scale.  Yet,  previous  to  the  condensation, 
the  cylinder  with  the  contained  vapour  w'ere  only  at  the 
temperature  of  212®. 

Such  are  the  facts  and  experiments  by  which  Dr  Black 
established  the  general  truth, — That  when  bodies  pass  from 
the  solid  to  the  liquid,  or  from  the  liquid  to  the  aeriform 
state,  they  absorb  a quantity  of  caloric  which  does  not 
raise  their  temperature,  and  which  is  again  evolved  by 
them,  when  they  return  to  their  former  state.  The  whole 
investigation  is  a model  of  physical  research ; the  disco- 
very, unlike  many  others,  was  suggested  by  no  prior  train 
of  speculation,  but  was  separated,  as  has  justly  been  ob- 
served, by  a vast  interval  from  the  previous  steps  of  our 
knovjfledge ; and  it  was  left  in  no  respect  imperfect,  but 
was  established  by  its  author,  on  evidence  which  it  is  im- 
po>sible  to  controvert,  and  to  which  the  progress  of  the 
science  has  made  no  addition.  To  Dr  Black  is  due  the 
honour  of  having  established  the  two  principal  law's  yet 
known  with  regard  to  caloric, — that  it  is  contained  in  bo- 
dies at  the  same  temperature  in  specific  quantities,  and 
that  it  is  absorbed,  without  producing  augmentation  of 
temperature,  when  bodies  pass  to  the  liquid  or  aeriform 
states, — laws  which  form  the  basis  of  much  of  the  modern 
system  of  chemistry. 

The  portion  of  caloric,  or  of  Heat,  thus  absorbed  in 
fluidity  or  vaporization,  appearing  to  lose  its  properties, 
having  no  effect  in  raising  temperature,  and  its  existence 
being  no  otherwise  known  than  from  observing  its  absorp- 
tion at  the  formation  of  the  fluid  or  vapour,  or  its  evolu- 
tion on  the  reduction  to  the  liquid  or  solid  state.  Dr  Black 
named  Latent,  to  distinguish  it  from  that  which  is  disco- 
vered by  the  thermometer,  and  which,  in  opposition  to 
the  other,  he  termed  Sensible.  The  term  Latent  is  con- 
venient, as  denoting  briefly  the  portion  of  caloric  absorb- 
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cd  or  evolved  in  these  changes  of  form,  though  there  ti 
probably  no  foundation  for  supposing  its  properties  to  be 
lost,  nor  any  just  reason  for  distinguishing  it  as  it  exists  in 
bodies,  from  the  rest  of  the  caloric  which  they  contain. 

In  establishing  the  doctrine  of  latent  heat,  Dr  Black’s 
experiments  were  confined  to  water  in  its  different  states. 
There  could  be  no  doubt,  however,  hut  that  the  same  law 
is  observed  by  other  bodies  in  their  changes  of  form. 
This  has  been  ascertained  by  other  chemists,  and  the 
quantities  of  caloric  absorbed  during  these  changes  deter- 
mined. Dr  Irvine  found,  that  spermaceti,  in  melting,  ab- 
sorbs a quantity  of  heat,  which  would  be  sufficient  to  raise 
the  temperature  of  liquid  spermaceti  14.5  degrees  ; wax,  a 
quantity  which  would  raise  its  temperature  in  the  fluid 
state,  17.5  deijrees;  and  tin,  a quantity  equal  to  what  would 
elevate  its  temperature  in  the  solid  state  500  degrees. 
\\  ilcke  states  the  heat  absorbed  by  ice  in  melting,  as  less 
than  that  Dr  Black  gives.  According  to  the  average  re- 
sult of  Dr  Black’s  experiments,  it  is  equal  to  what  would 
‘ raise  the  temperature  of  water  140  degrees  VV  ilcke  makes 
it  equal  only  to  129'^.  Lavoisier  and  La  Place  fix  it  at 
the  medium  nearly,  or  135°  of  Fahrenheit;  Cavendish 
gives  also  this  number  as  cstabli.-'hed  by  his  own  experi- 
ments, while  Gadolin  makes  it  1 43°  difierences  which 
may  arise  from  the  difficulties  attending  the  experiment, 
or,  as  Mr  Dalton  has  suggested,  from  the  capacity  of  wa- 
ter being  perhaps  different  at  different  temperatures,  so 
that  in  melting  ice  by  water  at  different  temperatures,  un- 
equal quantities  of  caloric  will  appear  to  have  been  taken 
from  it.  Landriani  found,  that  sulphur,  alum,  borax,  and 
other  salts,  as  well  as  some  metallic  compositions,  when 
they  pass  into  a solid  state,  from  a state  of  fusion,  obey 
the  general  law',  and  evolve  heat*.  Llassenfiatz, on  licez- 
ing  quicksilver,  ascertained,  that  in  melting  it  absorbs  as 
much  heat  as  would  raise  the  temperature  of  liijuid  mer- 
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cury  152  degrees  of  Fahrenheit’s  scale*.  Lastly,  Dr  Ir- 
vine junior  prosecuted  his  father’s  experiments,  and  deter- 
mined the  quantities  of  caloric  absorbed  in  the  liquefac- 
tion ol  the  following  bodies.  In  the  liquefaction  of  bis- 
muth, as  much  was  absorbed  as  would  have  raised  the 
temperature  of  the  bismuth  in  its  solid  state  475°  of  Fah- 
renheit’s scale  ; in  that  of  tin  507°  ; of  zinc  4*93  ; of  lead 
150°  ; and  of  sulphur  143°.  From  these  experiments 
we  do  not  discover,  as  he  remarked,  “ any  ratio  by 
which  the  quantity  of  caloric,  absorbed  in  liquefaction, 
seems  to  be  guided  ; it  obviously  does  not  increase  with 
the  difficulty  of  fusion,  but  most  probably  has  some  con- 
nection with  the  relative  capacity  of  each  body  in  its  solid 
and  fluid  state  f .” 

The  following  table  exhibits  the  results  of  the  experi- 
ments on  this  subject,  the  latent  heat  of  each  substance 
being  measured  by  the  capacity  of  the  solid,  instead  of  by 
that  of  the  liquid,  which  in  the  greater  number  of  cases  it 
is  more  difficult  to  determine  ; with  the  exception  of  sper- 
maceti and  wax,  and  also  of  quicksilver,  in  which,  from 
the  difficulty  of  ascertaining,  the  capacity  of  the  solid,  the 
latent  heat  is  necessarily  referred  to  that  of  the  fluid.  The 
basis  of  the  table  is  taken  from  the  Essay  on  Latent  Fleat, 
by  Dr  Ivwmejun.  already  referred  to. 


Melting 

point. 

Latent 

heat. 

Authority. 

Ice, 

32 

155.5 

Black. 

— 

J50 

Lavoisier. 

- , 

143.3 

Wilcke. 

Spermaceti, 

113 

145 

Irvine  sen. 

bees  wax, 

142 

175 

Tin, 

442 

500 

jun. 

Bismuth, 

476 

550 

Lead, 

594 

162 

Zinc, 

700 

493 

Sulphur, 

Quicksilver, 

■ ..  - 

226 

143.6 

—40 

152 

Ha.ssenfratz. 
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From  tins  change  in  the  distribution  of  caloric,  which 
takes  place  when  bodies  change  their  forms,  many  chemi- 
cal and  natural  phenomena  are  explained. 

The  absorption  of  heat,  accompanying  the  change  from 
the  solid  to  the  liquid  form,  explains  the  fixity  of  the  point 
in  the  thermometrical  scale  at  which  bodies  melt,  ice 
melts  at  of  Fahrenheit,  and  whenever  any  mass  of  ice 
is  heated  to  that  temperature,  the  farther  communication 
of  heat,  however  rapid,  has  no  eHect  in  raising  its  tempe- 
rature, till  the  whole  is  conveitcd  into  water;  since,  as 
quickly  as  the  ice  is  melted  by  the  caloric,  as  quickly  is  a 
portion  of  it  absorbed  by  the  fluid  formed,  i his  is  ex- 
emplified in  the  long  time  before  large  masses  of  ice,  or 
collections  of  snow,  are  melted  by  a thaw.  Were  it  not 
for  this  absorption  of  heat,  the  liquefaction  of  masses  of 
ice  and  snow,  in  the  colder  climates,  at  the  approach  of 
spring,  would  take  place  almost  instantaneously,  tvhen  the 
temperature  of  the  atmosphere  rose  above  32°  ; whereas, 
from  this  circumstance,  it  is  gradual  and  progressive,  by 
which  the  water  formed  is  distributed  more  slowly,  and 
the  too  sudden  rise  of  temperature,  which  would  prove  fa- 
tal to  vegetables,  is  prevented. 

The  reverse  of  this,  or  the  extrication  of  heat,  when 
water  is  converted  into  ice,  is  equally  beneficial  ; since, 
were  it  otherwise,  the  freezing  of  large  collections  of  water 
would  be  extremely  rapid,  whenever  the  temperature  of 
the  atmosphere  was  at  or  below  32°.  But  lioin  this  ex- 
trication, the  freezing  is  gradual,  and,  at  the  same  time,  a 
large  quantity  of  heat  is  given  out  by  the  w’ater  in  passing 
to  the  solid  state,  by  which  the  approaching  cold  is  mode- 
rated, and  the  congelation  rendered  more  slow. 

Sinnlar  general  eficcts  arise  from  the  operation  of  this 
law  in  vaporisation.  \\  hen  the  earth  is  much  heated  by 
the  sun’s  rays,  water  is  evaporated  from  its  surface,  and 
from  rivers  and  the  ocean,  and  the  conversion  of  this  into 
vapour  is  necessarily  accompanied  with  the  absoiption  of 
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caloric.  Hence  evaporation  is  the  most  powerful  agent 
employed  by  nature  to  moderate  excessive  heat.  On  the 
contrary,  when  the  vapour  of  the  atmosphere  is  condensed 
by  cold,  and  descends  in  rain  or  snow,  it  gives  out  the  ca- 
loric it  had  received,  which  is  then  beneficial  rather  than 
liuitful.  Much  of  this  vapour  must  even  be  wafted  from 
the  torrid  zone,  where  evaporation  must  be  most  rapid,  to- 
wards the  polar  regions;  and  being  condensed  in  its  pro- 
gress, in  colder  climates,  will  prove  a source  of  heat. 

The  process  of  artificial  refrigeration  is  explained  on 
the  same  principle.  By  allowing  water  to  filtrate  slowly 
through  porous  earthen  vessels,  so  as  to  present  an  exten- 
sive humid  surface  to  the  atmosphere,  it  passes  rapidly  in- 
to vapour,  and  in  this  vaporisation  absorbs  so  much  caloric 
as  to  produce  considerable  cold.  Liquors  are  cooled,  and 
in  warm  climates  ice  is  formed,  by  arrangements  of  this 
kind,  and  this  even  when  the  temperature  of  the  atmo- 
sphere is  several  degrees  above  32°  This  artificial  for- 
mation of  ice  is  carried  on  in  Bengal  to  a considerable  ex- 
tent. The  cold  from  the  evaporation  is  no  doubt  consi- 
derably accelerated  by  the  rapidity  of  that  process  from 
the  dryness  of  the  atmosphere,  and  hence,  in  a humid  at- 
mosphere, the  process  would  not  succeed  at  a'similar  ave- 
rage temperature.  A considerable  part  of  the  effect  too 
depends,  as  Dr  Wells  has  shewn,  on  radiation  from  the  sur- 
face of  the  water,  and  hence  the  success  is  always  greatest 
in  nights  which  are  calm  and  serene  *. 

The  theory  of  freezing  mixtures  is  deduced  from  the 
doctrine  of  latent  caloric.  These  are  mixtures  of  saline 
substances,  which,  at  the  common  temperature,  by  their 
mutual  chemical  action,  pass  rapidly  into  the  fluiil  form, 
or  are  capable  of  being  rapidly  dissolved  in  water,  and  by 


* Philosophical  Transactions,  1793,  p.  56. 
f Wells  on  Dew,  p.  129. 
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his  quick  transition  to  fluidity,  absorb  caloric,  and  pro> 
duce  degrees  of  cold  more  or  less  intense. 

In  other  cases  of  chemical  action,  substances  pass  from 
the  gaseous  to  the  fluid,  or  from  the  fluid  to  the  solid  form, 
and  ihe  rise  of  temperature  which  attends  these  transitions 
is  referred  to  the  evolution  of  latent  caloric,  which  must 
be  their  result. 

The  use  of  steam,  as  a vehicle  and  source  of  heat,  af- 
fords an  example  of  the  scientific  application  of  these  prin- 
ciples. By  conveying  steam  into  water,  it  is  condensed, 
and  by  the  evolution  of  the  latent  heat  by  the  condensa- 
tion, the  temperature  of  the  water  is  raised,  so  as  soon  to 
arrive  at  212°.  In  certain  arts,  as  in  that  of  dyeing,  where 
large  quantities  of  water  are  to  be  heated  in  separate  ves- 
sels, this  method  has  superior  advantages.  By  having  a 
common  boiler,  from  which  the  vapour  is  conveyed  by 
tubes,  the  loss  of  heat  is  less  than  if  fire  was  applied  to  each 
vessel,  and  the  vessels  are  subject  to  less  wear,  and  may  be 
constructed  at  less  expence.  This  method  has  according- 
ly been  employed  with  success  *.  Another  application  of 
the  same  principle  is  that  of  heating  rooms  by  conveying 
steam  through  tubes,  proposed  in  an  early  volume  of  the 
Philosophical  Transactions,  and  since  revived.  The  steam 
in  its  progress  is  condensed  gradually,  and  gives  out  its 
latent  heat,  so  as  to  produce  an  equable  warmth.  A well- 
constructed  apparatus  for  this  purpose  has  been  described 
by  Mr  Snodgras-,  by  whom  it  was  applied  with  success 
to  the  heating  of  cotton-mills  f.  Mr  Buchanan  has,  in  a 
separate  publication,  given  more  minute  details  on  this 
subject,  which  may  be  consulted  with  advantage:};,  hor 
this  and  similar  purposes  steam  is  well  adapted,  as  it  has 
the  advantage  of  being  free  from  any  danger  of  fire,  the 


. Philosophloal  Magazine,  vol.  x.  p.  46. 
\ Ibid.  vol.  xxvii,  p.  172. 
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boiler  •whence  the  steam  is  brought  being  erected  without 
the  building ; and  there  is  also  a saving  of  fuel.  There  is 
a considerable  expence,  however,  in  erecting  the  appara- 
tus, on  which  account,  and  also  as  being  more  easily  ma- 
naged, the  mode  of  heating  apartments,  by  the  introduc- 
tion of  warm  air,  may  in  particular  situations  be  preferred. 
The  mode  of  applying  heat  from  the  condensation  of  steam, 
has  been  proposed  to  be  applied  to  the  drying  of  gunpow- 
der, as  attended  with  less  risk  than  the  common  mode. 

The  modern  improvements  in  the  Steam  engine,  as 
they  originated  from  Dr  Black’s  discovery,  so  they  afford 
the  most  important  practical  application  of  the  doctrine  of 
latent  heat.  In  the  engine  wrought  previous  to  the  im- 
provements of  Mr  Watt,  the  steam  was  received  into  a cy- 
linder, to  which  a piston  was  adapted  ; the  piston  by  the 
weight  attached  to  its  arm  being  elevatM  to  the  top  of  the 
cylinder,  and  the  cavity  beneath  filled  with  steam.  This 
was  condensed  by  a jet  of  cold  water,  and  the  piston  was 
of  course  forced  down  by  the  pressure  of  the  atmosphere. 
To  raise  this,  steam  was  again  introduced  from  beneath, 
and  thus  the  alternate  elevation  and  depression  of  the  pis- 
ton were  effected.  But  in  this -way,  it  is  obvious,  that 
there  was  an  immense  waste  of  heat,  and  this  altogether 
concealed,  while  the  facts  relating  to  latent  caloric  were 
unknown.  By  the  jet  of  cold  water,  not  only  is  the  steam 
condensed,  but  the  cylinder  is  cooled,  as  it  is  also  by  the 
entrance  of  the  atmospheric  air.  When,  therefore,  the 
steam  from  beneath  is  again  introduced,  a great  part  of  it 
must  be  condensed  and  lost,  by  its  heat  being  abstracted 
by  the  cold  cylinder  and  piston,  and  its  elasticity  cannot 
operate  with  effect  until  the  whole  is  again  elevated  to 
212°.  At  each  stroke  of  the  engine  this  waste  is  repeat- 
ed, and  thus,  according  to  Mr  Watt’s  calculation,  at  least 
half  of  the  steani  produced  in  the  boiler  is  lost. 

Mr  Watt’s  principal  improvements  consisted,  1st,  in 
condensing  the  steam,  not  in  the  cylinder,  but  in  a vessel 
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communicating  with  it  by  a pipe  with  a valve,  which  being 
exhausted  of  air,  the  steam  rushes  into  it  when  the  corn- 
munication  is  opened,  and  is  condensed  by  the  vessel  being 
kept  cold  by  immersion  in  water;  and,  2dly,  by  exclu- 
ding from  the  cylinder  the  atmospheric  air,  and  depiess- 
ing  the  piston  by  steam  introduced  above  it,  and  conden- 
sed in  the  condensing  vessel  akernately  w iih  the  steam  be- 
neath. Thus,  the  whole  may  be  kept  at  the  temperature 
of  212°,  and  the  waste  ol  heat  in  the  old  method  obvia- 
ted. Dr  Black  justly  characterises  the  engine  in  this  state 
as  the  master-piece  of  human  skill,  and  no  less  justly  ob- 
serves, that  it  has  not  been  “ the  production  of  a chance 
observation,  but  the  result  of  deep  thought  and  reflection, 
and  really  a present  by  philosophy  to  the  arts.” 

Having  stated  the  phenomena  and  applications  of  la- 
tent heat,  it  remains  to  consider  the  opinions  that  have 
been  advanced  with  regard  to  its  cause.  It  has  been  con- 
sidered under  very  different  points  of  view ; some  philo- 
sophers having  supposed  the  absorption  of  caloiic  that  at- 
tends liquefaction  and  vaporisation  to  be  the  caused  these 
cliatiges,  <>thers  regarding  it  as  the  effect. 

By  Dr  Black  the,  first  of  these  opinions  was  maintained. 
« I consider,”  says  he,  “ fluidity  as  depending  imme- 
diately and  inseparably  on  a certain  quantity  of  the  mat- 
ter of  heat  which  is  combined  with  the  fluid  body  in  a 
particular  manner,  so  as  not  to  be  communicable  to  a 
thermometer  or  to  other  bodies,  but  capable  of  being  ex- 
tricated again  by  other  methods,  and  of  reassuming  the 
form  of  moveable  or  communicable  heat  *.  He  apjilied 
the  same  theory  to  vaporisation.  “ When  a fluid  body  is 
raised  to  its  boiling  temperature  by  the  continual  and  co- 
pious application  of  heat,  its  particles  suddenly  attiact  to 
themselves  a great  quantity  ot  heat,  and  b\  this  combina 
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tion  their  mutual  relation  is  so  changed  that  they  no  long- 
er attract  each  other,  but  avoid  each  other,  separating  to 
at  least  ten  times  their  former  distance,  and  would  sepa- 
rate much  farther  were  they  not  compressed  by  the  weight 
of  the  atmosphere ; and,  in  short,  they  now  compose  a 
fluid,  elastic  and  expansive  like  air.  This  new  form  of 
aggregation  is  the  effect  of  a new  combination  of  heat 
with  the  primary  particles  of  water,  and  is  a sufficient  in- 
dication of  this  union,  in  the  same  manner  as  fluidity  was 
a sufficient  mark  of  a sudden  and  copious  combination  of 
heat  with  the  particles  of  ice 

In  this  theory,  then,  the  absorption  of  caloric  in  lique- 
faction and  vaporisation  is  considered  as  the  cause  of  these 
changes  of  form,  and  the  latent  heat  existing  in  a fluid  or 
vapour  is  that  which  preserves  it  in  these  states.  Dr 
Black,  though  he  did  not  state  the  opinion  fully,  appear- 
ed inclined  to  suppose  these  changes  analogous  to  che- 
mical combination,  to  regard  the  caloric  which  disap- 
pears as  entering  into  union  with  the  body  fused  or  eva- 
porated, and  owing  to  this  combination  its  loss  of  proper- 
ties. He  considered,  says  Professor  Robison,  latent  heat 
“ as  united  with  the  substance  of  the  body  in  a way  very 
much  resembling  many  chemical  combinations and  as 
“ producing  those  new  modes  of  aggregation  by  a true 
chemical  combination  v/ith  the  particles  of  the  body  f.” 
This  opinion  was  expressed  with  less  hesitation  by  other 
chemists,  as  by  De  Luc  ^ and  Seguin  §,  and  is  still  not  un- 
frequently  maintained. 

Dr  Irvine  viewed  these  phenomena  under  a very  differ- 
ent light.  He  considered  them  as  arising  from  changes 
of  capacity  accompanying  the  changes  of  form.  Tempe- 
rature depends  not  merely  on  the  action  of  caloric,  but 
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on  this  modified  by  that  peculiar  relation  of  bodies  to 
caloric  which  we  denominate  capacity.  If  the  capacity 
of  a body  be  enlarged,  the  quantity  of  heat  communicated 
to  it  remaining  the  same,  its  temperature  must  fall;  if  the 
capacity  be  diminished  under  the  same  condition  its  tem- 
perature must  rise  ; or  if  the  capacity  be  enlarged,  while 
heat  is  proportionally  communicated,  this  heat  will  be  ab- 
sorbed by  the  body,  and  remain  in  it  without  any  increase 
of  temperature.  If,  therefore,  in  fusion  and  vaporisation, 
an  augmentation  of  capacity  taken  place,  a quantity  of  ca- 
loric must  be  absorbed  proportioned  to  this  augmenta- 
tion, which  can  occasion  no  augmentation  of  temperature  : 
when  the  body  is  reduced  to  its  former  state,  its  capacity 
for  caloric  being  diminished,  this  quantity  must  be  again 
given  out;  and  in  either  case  the  temperature  must  con- 
tinue stationary  while  the  change  is  going  on.  These 
changes,  accordingly,  Dr  Irvine  supposed  to  be  produced, 
and  to  be  the  cause  of  the  phenomenon  of  latent  heat.  his 
view  of  the  subject  is  thus  stated  ; “ The  reason  why  a 
body  cannot  be  heated  while  it  is  melting  is,  that  it  is  then 
changing  its  capacity.  From  a substance  that  was  easily 
heated,  it  changes  to  one  that  is  heated  with  difficulty. 
All  b odies  in  a fluid  state  seem  to  be  heated  with  more 
difficulty  than  when  in  a solid  state.  Not  that  a body 
in  a fluid  state  transmits  heat  more  slowly  than  when  the 
same  body  is  in  a solid  state.  On  the  contrary,  it  trans- 
mits heat  better  in  a fluid  than  in  a solid  state.  But  the 
same  quantity  of  heat  applied  to  the  same  body  in  a so- 
lid form,  .and  in  a fluid  state,  will  heat  the  solid  a great- 
er number  of  degrees  than  it  will  the  fluid  In  other 
worils,  the  fluid  becomes  a body  capable  of  containing 
more  caloric  at  a given  temperature  than  the  solid  : hence 
at  the  moment  of  change  it  must  absorb  a quantity  of  ca- 
loric without  any  rise  of  temperature.  On  this  view  it  is 
obvious,  that  there  is  no  reason  to  suppose  that  the  calo- 
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ric  absorbed  during  liquefaction  and  vaporisation  loses  its 
properties,  or  passes  into  any  peculiar  state  of  combina- 
tion ; it  goes  to  sustain  the  existing  temperature  accoi cl- 
ing to  the  augmented  capacity  : it  has  been  absorbed  with- 
out raising  temperature,  because  the  capacity  of  the  body 
lias  been  enlarged ; and  when  the  cajjacity  is  diminished 
in  the  revc'rse  change  ot  torm,  it  is  of  course  evolved.  A 
body  in  one  form,  in  a word,  contains  more  caloric  than  in 
another  form  at  the  same  temperature,  exactly  as  one  body 
contains  more  than  another  does : or,  according  to  this 
theory,  the  cause  why  water  contains  a quantity  ot  caloric 
above  that  in  ice  at  32°,  is  the  same  as  that  by  which  wa- 
ter contains  a quantity  of  caloric  above  that  which  cjuick- 
silver  contains  ; and  were  it  possible  to  convert  quicksilver 
into  water  by  a process  similar  to  that  by  which  we  con- 
vert ice  into  water,  we  should  have  the  phenomena  ot  la- 
tent heat. 

This  question  presents  rather  an  interesting  subject  of 
discussion  ; and  it  is  more  necessary  to  consider  it  some- 
what in  detail,  as  the  theory  of  Irvine,  which  gives  the  just 
explanation  of  the  phenomena,  has  been  much  misunder- 
stood. 

It  is  obvious,  that  the  change  of  form,  and  the  evolution 
or  absorption  of  caloric  being,  to  our  observation,  simul- 
taneous, we  have  no  direct  means  of  discovering  which 
precedes  the  other.  We  must  therefore  seek  to  determine 
the  merits  of  these  opinions  on  other  grounds. 

If  we  regard  them  as  hypotheses,  that  of  Irvine  is  more 
simple  than  the  other,  and  more  analogous  to  the  relations 
of  caloric  to  matter.  It  is  obvious  d priori^  that  at  some 
stage  in  the  scale  of  temperature,  the  changes  of  fluidity 
and  vaporisation  must  take  place  from  the  operation  of  the 
expansive  energy  of  caloric.  In  such  changes  there  is  an 
alteration  in  the  mechanical  state  ot  the  body  ; and  as  the 
capacities  of  bodies  for  heat  are  obviously  connected  with 
their  mechanical  state,  nothing  can  be  more  probable,  than 


421< 


OF  LATENT  CALORIC. 


that  a change  of  capacity  must  attcml  the  change  of  form. 
We  know  notliiiig  of  the  properties  of  caloric  in  an  insu- 
lated L-tate,  but  merely  its  effects  on  matter ; and  no  reason 
can  be  stated  in  support  of  the  proposition,  that  these  ef- 
fects shall  be  the  same  on  bodies  of  different  kinds,  or  in 
different  states.  If  a solid  body  have  a certain  relation 
to  calorie ; suffer  frtmi  it  a certain  degree  of  expansion ; 
conduct  it,  after  a certain  ratio;  or  require  a certain  quan- 
tity to  produce  a given  temperature;  when  it  is  convert- 
ed to  the  fluid  or  aeriform  state,  we  have  no  reason  to  ex- 
pect that  its  relations  to  caloric  should  be  the  same  as  they 
were  in  the  solid  state.  We  find  in  reality  that  they  are 
changed  ; the  body  in  its  new  state  suffers  a different  de- 
gree ot  expansion  ; its  conducting  power  is  also  no  longer 
the  same ; and  we  may  equally  presume  that  its  capacity 
for  caloric  will  be  changed. 

Nothing  also  can  be  more  certain,  than  that  if  such  a 
change  do  happen,  the  augmentation  of  temperature  will 
observe  a different  law  from  what  it  did  while  the  body  was 
in  its  former  state.  If  by  fusion,  or  vaporisation,  the  ca- 
pacity of  a body  be  enlarged,  either  its  temperature  must 
fall,  or  a quantity  of  caloric  must  be  absorbed,  by  which  no 
augmentation  of  temperature  will  be  produced.  The  first 
cannot  happen  ; for  in  this  case  the  temperature  ol  the 
body  falling  below  its  fusing  or  evaporating  point,  the 
change  of  form  cannot  proceed ; the  second  event,  there- 
fore, must  be  that  w hich  will  occur  ; in  other  words,  if  by 
applying  heat,  we  raise  and  preserve  the  temperature  suf- 
ficiently high  to  cause  the  change  of  form  to  proceed,  then 
if  this  change  of  form  be  accompanied  by  an  increase  of 
capacity,  the  heat  applied  must  be  absorbed,  and  must  be- 
come latent,  or  occasi«.»n  no  increase  of  temperature.  The 
quantity  absorbed  will  be  in  proportion  to  the  cajiacity  of 
the  body  in  the  new  form  ; that  is,  it  will  require  as  much 
caloric  as  is  requisite  to  keep  up  its  temperature  according 
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to  that  capacity,  from  the  point  of  privation  in  the  thci- 
inometrical  scale,  to  the  point  at  which  it  has  assumed  the 
new  form  ; and  there  is  no  fact  which  shews  that  the  quan- 
tity really  absorbed  is  not  in  proportion  to  this.  I'he  phe- 
nomena, therefore,  attending  fusion  and  vaporisation,  are 
precisely  those  which  must  occur,  if  these  changes  are  ac- 
companied by  an  enlargement  of  capacity. 

The  opposite  opinion,  considering  it  also  as  an  hypo- 
thesis, is  much  less  perfect.  We  have  no  proof  that  ca- 
loric is  capable  of  entering  into  bodies  in  more  intimate 
combination  than  that  which  constitutes  temperature  ; even 
if  it  did,  we  perceive  no  cause  why,  at  a certain  stage  of 
the  thennometrical  scale,  bodies  should  combine  intimate- 
ly with  caloric,  which  they  did  not  before  do ; and  why, 
after  another  interval  in  the  thennometrical  scale,  this 
combination  should  be  renewed.  Nor  does  it  appear  how, 
in  a combination  so  intimate  as  to  be  able  to  suppress  en- 
tirely the  properties  of  caloric,  the  properties  of  the  body 
combining  with  it  are  not  also  changed.  Neither  are  the 
phenomena  attending  these  changes  of  form  analogous  to 
those  of  chemical  combination.  Although  at  first  view  a 
portion  of  caloric  appears  to  lose  its  properties  since  it  is 
absorbed  without  causing  any  rise  of  temperature,  a more 
enlarged  consideration  of  the  subject  shews,  that  this  is  no 
necessary  conclusion,  as  the  same  results  must  happen  if 
an  augmentation  of  capacity  takes  place.  The  tempera- 
ture of  a body  depends  on  its  capacity,  and  the  quantity 
of  caloric  it  contains  ; if  the  capacity  be  increased,  a quan- 
tity of  caloric  proportional  to  this  must  be  absorbed,  to  keep 
up  the  existing  temperature  j but  it  loses  none  of  its  pro- 
perties, nor  passes  into  any  state  different  from  the  rest  of 
the  caloric  which  the  body  contains.  The  circumstance, 
therefore,  of  the  caloric  absorbed  not  producing  rise  of 
temperature,  is  no  proof  of  its  having  entered  into  any 
peculiar  combination,  since  this  would  equally  happen 
from  an  augmentation  of  capacity.  The  one  cause  may 
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indeed  hypotheticalbj  be  assigned  as  well  as  tlie  other ; yet, 
even  as  an  liypothesis,  the  latter  is  superior  to  the  former, 
since  it  brings  an  insulated  phenomenon  under  a general 
law  ; anti  if  experimentally  established,  its  superiority  is 
unequivocally  demonstrated. 

The  investigation  of  this  engaged  the  attention  of  Dr 
Irvine  for  a number  of  years,  and  he  made  a great  num- 
ber of  experiments  to  ascertain  the  fact.  To  do  so  with 
accuracy  is  very  tliflicult,  for  in  comparing  the  capacity  of 
a body  in  the  solid,  and  in  the  liquid  state,  it  is  necessary 
that,  in  the  progress  of  the  experiment,  it  should  not 
chantre  its  form  ; that  in  determining  its  capacity  in  the 
solid  state,  it  should  remain  solid  ; and  in  determining  it 
in  the  fluid  form,  it  should  continue  fluid.  This  can  only 
be  done  by  the  intervention  of  a third  substance,  and  even 
with  this  it  is  difficult  to  obtain  a range  of  temperature 
sufficiently  extensive,  within  which  the  experiment  can  be 
executed  on  the  body  in  its  two  states.  Dr  Irvine’s  ex- 
periments were  in  a great  measure  confined  to  ice  and  wa- 
ter, operating  on  the  ice  when  the  temperature  of  the  air 
was  below  32°,  and  on  water  at  temperatures  above  32‘'. 
He  “ found  the  capacities  of  some  suitable  bodies,  as  ri- 
ver-sand or  iron-filings,  and  compared  them  with  that  of 
water  in  the  usual  manner.  This  being  done,  he  used  the 
same  body  to  examine  the  capacity  of  pounded  ice  form- 
ed from  distilled  water  or  of  snow.  The  temperature  of 
the  room  and  vessel  was,  in  his  experiments,  always  either 
32°  or  below  it ; most  commonly  considerably  under  32°. 
He  then  took  a known  weight  of  snow  or  ice  of  a known 
temperature,  in  a vessel  of  which  the  capacity  was  deter- 
mined by  experiment.  Upon  this  he  poured  a certain 
quantity  of  river-sand  washed,  or  iron-filings  of  a certain 
temperature,  with  as  much  rapidity  as  possible.  The  new 
temperature  was  observed  after  stirring,  and  allowance 
was  made  for  the  heat  gained  or  lost : the  temperature  of 
the  mixture  was  frequently  19°,  20°,  25°,  16°,  &c.  So 
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that  in  a room  where  the  air  was  below  the  freezing  point, . 
the  accuracy  of  the  result  could  not  be  affected  by  the  for- 
mation of  any  water  ; still  there  are  many  sources  ol  inac- 
curacy remaining-  But  in  Dr  Irvine’s  hands,  the  capaci- 
ty of  ice  always  turned  out  to  be  less  than  that  of  watei. 
In  all  his  experiments,  which  were  very  numerous,  and 
repeated  with  care  for  many  succeeding  years,  he  arrived 
at  results  approximating  to  each  other,  and  concluded,  to 
use  his  own  words,  that  from  the  mean  of  all  his  trials,  the 
capacity  or  relative  heat^oi  water  to  that  of  ice  is  not  in  a 
ratio  greater  than  5 to  4 or  10  to  8.  In  like  manner,  he 
extended  his  theory  to  all  other  bodies,  and  in  some  cases 
determined,  and  in  all  inferred,  that  it  is  a general  law  ot 
nature  that  the  capacity  of  all  solids  for  heat  is  increased 
by  fusion,  and  that  of  all  fluids  by  vaporisation  A si- 
milar augmentation  of  capacity,  Dr  Crawford  found,  to 
take  place  when  water  is  converted  into  vapour. 

The  principle  of  the  theory  is  therefore  proved  ; and  the 
important  fact  established,  that  the  change  in  the  relation 
of  the  body  to  caloric  is  not  confined,  as  Dr  Black  ima- 
gined, to  the  moment  of  the  change  of  form  *,  but  that  in 
every  subsequent  elevation  of  temperature,  the  liquid  re- 
quires more  caloric  than  the  solid  would  have  done,  and 
the  vapour  more  than  the  liquid  j that  its  capacity,  theie- 
fore,  is  increased  when  it  passes  from  the  solid  to  the  fluid, 
or  from  the  fluid  to  the  aeriform  state.  These  experi- 
ments, it  is  important  to  remark,  Dr  Black  nevei  attempt- 
ed to  invalidate,  nor  did  he  attempt  to  shew  by  experi- 
ment that  the  reverse  was  the  case.  They  are  therefore  de- 
cisive of  the  question. 

The  augmentation  of  capacity,  it  has  been  said,  is  not 
proved  to  be  proportional  to  the  quantity  of  caloric  ab- 
sorbed, and  therefore,  besides  the  portion  which  the  aug- 
mented capacity  demands,  another  quantity  may,  it  is  sup- 
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posed,  enter  into  chemical  union.  This,  indeed,  cannot 
be  ascertained  hy  direct  experiment ; for  to  do  so  it  would 
be  necessary  to  know  the  absolute  quantity  of  caloric  in 
bodies,  whence  we  might  di^cover  whether  the  quantity 
absoi  bed  in  these  chatiges  of  form  corresponds  with  the 
clianges  of  capacity,  a problem  which  has  not  been  solved 
■with  such  accuracy  as  to  admit  of  any  certain  coni  lusion. 
But  the  argument  derived  Irom  this  has  little  weight;  for 
it  is  not  proved,  nor  even  rendered  probable  by  any  ana- 
by  any  fact,  that  the  augmentation  of  capacity  is 
not  proportional  to  the  absorption  of  caloric  : when  this 
therefore  is  not  proved,  and  when  the  supposition  is  not 
necessary  to  account  for  the  phenomena,  why  should  it  be 
made  ? An  augmentation  of  capacity  is  proved  to  take 
place;  it  must  give  rise  to  an  absorption  ot  caloric  ; audit 
may  be  sufficient  to  account  for  the  w hole  quantity  absorb- 
ed. It  is  an  inconclusive  mode  of  leasoning  to  say,  that 
perhaps  the  augmentation  may  not  be  proportional,  and 
that  therefore  a portion  of  caloric  may  exist  in  the  fluid 
or  air  in  some  other  state  “ Since  the  existence  of  a 
cause,”  says  Crawford,  “ sufficient  to  account  for  the  ap- 
pearances, has  been  established  by  experiment,  it  seems 
inconsistent  with  the  simplicity  of  the  operations  of  nature 
to  suppose,  that  other  causes,  for  the  existence  of  which 
there  is  no  experimental  proof,  concur  in  the  production 
of  the  same  effects;  for  nature  does  nothino:  in  vain;  et 
frustra  Jit  per  plura  quod  fieri  potest  per  paucioraJ^ 

Some  objections  have  been  oflered  to  Dr  Irvine’s  theory 
of  latent  heat,  w Inch  it  may  be  lU'cessary  to  notice.  The 
one  of  greatest  apparent  force  was  urged  by  Dr  Black  him- 
self,— that  supposing  the  absorption  of  caloric,  and  the  la- 
tent state  of  the  quantity  absorbed,  to  arise  from  an  in- 
crease of  capacity  in  the  fluid  or  vapour,  no  cause  is  as- 
signed for  the  change  of  form.  “ The  alleged  fact  of  dis- 
parity between  the  caj>acity  of  ice  and  water  for  heat,”  says 
Dr  Black,  “ may  be  supposed  to  account  for  the  thermo- 
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metrical  phenomena  just  now  recited  ; but  the  principal 
fact  or  phenomenon  is  not  accounted  lor  by  it,  I mean  the 
change  of  the  solid  into  tlie  Huitl.  Solitlity  depends  on 
cohesive  attraction  j but  on  what  cause  does  fluidity  de- 
pend ? Will  it  be  said  to  depend  on  the  absence  or  cessa- 
tion of  cohesive  attraction  ? 1 cannot  imagine  how  cohe- 
sive attraction  can  entirely  cease,  or  be  suspended,  or,  if 
this  should  happen,  how  it  should  easily  be  again  restored? 
Nay  we  have  evident  proof,  from  the  round  form  of  the 
drops  of  liquids,  that  it  is  not  in  them  entirely  suspended, 
but  only  weakened  to  such  a great  degree,  that  the  solid 
hard  body  is  become  a liquid.  Now  this  is  such  a violent 
change,  that  I cannot  help  thinking  it  must  depend  on 
some  powerful  cause.  It  may  be  said,  perhaps,  that  no 
other  cause  is  necessary  but  the  increase  of  sensible  heat 
above  a certain  degree,  together  with  some  singularity  in 
the  nature  of  cohesive  attraction  ; such  as  that  this  attrac- 
tion, though  very  strong  at  certain  small  and  imperceptible 
distances,  becomes  suddenly  very  weak,  when  we  increase, 
beyond  a certain  limit,  the  distance  of  the  particles  of  mat- 
ter from  one  another,  and  this  increase  of  distance  is  pro- 
duced by  sensible  heat.  If  this  were  true,  the  increase  and 
diminution  of  distance  by  the  action  of  sensible  heat  ought 
always  invariably  to  produce  each  its  appropriate  effect 
on  the  power  of  the  cohesive  attraction  ; as  water,  when 
its  degree  of  heat  is  above  32*^,  is  always  liquid,  so  when 
its  sensible  heat  is  below  32°,  it  should  always  be  solid. 
But  this  we  know  is  not  always  the  fact.  Water,  in  some 
circumstances,  can  be  cooled  to  7 or  8 degrees  below  32® 
without  being  congealed  ; and  many  other  substances  ex- 
hibit the  same  phenomenon,  by  retaining  their  fluidity  in 
some  circumstances,  after  their  sensible  heat  is  diminished 
considerably  below  their  ordinary  congealing  point.  And 
I now  ask,  what  is  the  cause  which  hinders  the  cohesive 
attraction  from  producing  its  effect,  and  changing  the  li- 
quid into  a solid  ? When  I find  by  experience,  that,  upon 


430- 


OF  LATENT  CALORIC. 


disturbing  such  over-cooled  liquids,  a quantity  of  heat 
extricated  from  them,  which  did  not  appear  immediately 
before,  and  that,  while  this  heat  is  extricated,  a propor- 
tional part  of  the  liquid  congeals  ; I cannot  help  consider- 
ing this  latent  heat  which  was  in  it,  as  having  been  the 
cause  of  its  protracted  fluidity 

There  no  doubt  appears  a difliculty  in  the  circumstance 
here  pointed  out.  The  temperature  of  a fluid  at  its  for- 
mation, is  no  higher  than  that  of  the  solid  from  which  it 
has  been  formed.  By  what  cause,  then,  is  its  fluidity  de- 
termined ; or  by  what  operation  can  it  exist,  both  in  the 
fluid  and  solid  form  at  the  same  temperature  ? What  more 
probable,  than  that  a part,  if  not  the  whole  of  the  caloric 
which  becomes  latent,  produces  the  change  of  form,  while 
another  portion  may  be  absorbed,  from  the  augmentation 
of  capacity  which  is  the  consequence  of  that  change  ? 

This  difficulty,  1 believe,  arises  solely  Irmn  the  difficulty 
of  forming  a clear  conce{)tion  of  the  balance  of  antagonist 
powers,  according  to  the  predominance  of  which  the  bo- 
dy exists  in  the  solid  or  fluid  state.  The  fluidity  is-  de- 
termined by  the  operation  of  sensible  heat  counteracting 
the  attraction  of  cohesion  in  the  solid,  until  at  a certain 
point  the  attraction  is  so  far  weakened  as  to  admit  of  the 
particles  passing  into  a new  arrangement.  It  is  obvious, 
that  there  is  some  point  in  the  thci  mometrical  scale  at 
which,  from  this  operation,  the  cokes  on  will  be  so  far 
weakenetl,  that  the  particles  will  move  easily  with  regard 
to  each  other,  a state  wliich  constiiute>.  fluidity  ; and  that 
at  another  point,  this  remaining  cohesion  will  be  over- 
come, and  a repulsion  established  between  these  particles ; 
and  in  this  progressive  operation,  the  ultimate  effect  in 
cither  case  may  take  place  at  a point  in  the  scale  of  tem- 
perature indivisible,  so  that  we  shall  be  unable  to  discover 
a difference  of  temperature  on  the  one  hand,  or  on  the 
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other.  Let  heat  be  communicated  to  a piece  of  ice  at  20®, 
its  temperature  is  raised  to  25®  ; its  particles,  by  this  rise, 
are  so  far  separated  from  each  other,  and  its  cohesion 
overcome.  If  more  heat  be  communicated,  the  expansion 
continues  to  proceed,  and  the  force  of  cohesion  to  be  weak- 
ened. I<et  32*^  be  the  point  at  which  these  powers  are 
balanced,  and  at  which  the  body  is  on  the  verge  of  change, 
the  smallest  divisible  portion  of  heat,  a portion  by  far  too 
minute  to  be  detected  by  our  most  delicate  instruments, 
may  subvert  the  balance,  and  effect  the  change.  Indeed, 
ice  cannot  exist  at  32°  without  melting.  At  this,  there- 
fore, it  is  past  the  last  point  of  temperature  consistent  with 
solidity,  which  must  be  a fractional  part  below  32°. 

The  violence  of  the  change  which  Dr  Black  mentions 
is  not  inconsistent  with  this  view.  If  the  expansion  is  pro- 
gressive until  it  reach  a certain  point,  beyond  which  it 
shall  be  so  far  weakened  as  to  admit  either  of  a new  ar- 
rangement of  the  particles,  or  of  a repulsion  being  esta- 
blished between  them,  it  is  obvious,  that  in  this  progression 
the  smallest  addition  of  force  when  the  extreme  point  is 
arrived  at,  will  be  sufficient  to  produce  the  effect. 

With  regard  to  the  fact  mentioned  in  Dr  Black’s  argu- 
ment, that  wmter  may  be  cooled  7°  or  b°  below  32°  with- 
out returning  to  the  solid  state,  and  the  query,  “ What  is 
the  cause  which  hinders  the  cohesive  attraction  from  pro- 
ducing its  effect,  and  changing  the  liquid  into  a solid  ?” 
this  is  a difficulty,  properly  speaking,  with  regard  to  the 
theory  of  fluidity,  and  not  peculiarly  connected  with  the 
absorption  of  heat  which  attends  that  process,  and  is 
equally  applicable  to  the  one  explanation  as  it  is  to  the 
other.  It  may  be  urged  against  Dr  Black’s  doctrine.  If 
fluidity  depend  on  a combination  of  the  body  with  caloric, 
which  combination,  in  the  example  of  ice,  takes  place  at 
32'",  and  not  lower,  why  is  that  combination  not  subvert- 
ed, when  the  temperature  of  the  fluid  is  reduced  below  this 
point  ? And  it  is  even  more  difficult  to  remove  tlie  objec- 
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lion  on  this  doctrine  than  on  the  other.  In  ascribing 
these  changes  of  form  to  the  prevailing  force  of  one  or  two 
opposing  powers,  cohesion  and  the  expansive  energy  of 
caloric,  this  phenomenon  is  explained  on  the  hypothesis 
of  a polarity  in  the  particles  of  the  substances  in  which  it 
is  observed;  in  consequence  of  which,  in  becoming  solid, 
they  are  disposed  to  unite  by  certain  sides  in  preference 
to  others;  the  mere  reductioti  of  temperature,  therefore, 
does  not  necessarily  place  them  in  those  positions  in  which 
they  are  most  disposed  to  unite,  but,  by  agitation  or  mo- 
tion impressed  on  the  particles,  some  are  placed  in  these 
favourable  positions,  or,  by  the  contact  of  a solid  particle, 
a surface  is  afforded,  w'hence  the  exertion  of  the  attraction 
will  commence.  But  on  the  hypothesis  of  fluidity  depend- 
ing on  a peculiar  combination  of  caloric,  it  will  be  found 
equally  diflicult  to  explain,  why,  when  the  liquid  is  redu- 
ced in  teiiiperature  a little  below  the  point  at  which  it  had 
assumed  the  liijuid  state,  this  combination  should  not  be 
subverted  ; or  how'  its  subversion  should  be  effected  by  the 
contact  of  a solid  particle,  or  by  agitation  of  the  fluid. 

In  relation  to  this  question.  Professor  Robison  contend- 
ed *,  that  fluidity  is  not  to  be  regarded  as  arising  merely 
from  the  separation  of  the  particles  of  the  solid  to  such 
distances,  that  the  attraction  of  cohesion  is  greatly  weaken- 
ed, but  that  a peculiar  arrangement  is  established  among 
the  particles, -r-an  equality  of  action,  so  that  in  ail  positions 
they  attract  each  other  with  the  same  force  ; while,  in  a 
solid,  there  is  an  inequality  of  action,  or  they  attract  each 
other  more  in  one  direction  than  in  another,  whence  all 
positions  are  not  imlitterent,  and  a force  is  required  to 
change  their  arrangement.  But  admitting  this  view  of 
fluidity,  it  is  obvious,  that  these  kinds  of  action,  these  dis- 
positions or  arrangements,  may  depend  on  the  distances 
at  which  the  particles  are  placed  with  regard  to  each  other 
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Uy  the  powers  of  cohesion  and  sensible  caloric ; the  separa- 
tion, to  a certain  distance,  diminishing  inequality  of  action, 
or  allowing  the  polarity  to  be  exerted  in  a peculiar  man- 
ner ; and  there  is  no  reason  to  suppose  that  such  an  ar- 
rangement in  fluids  is  the  result  of  a peculiar  combination 
of  the  particles  with  caloiic. 

The  conversion  of  a fluid  into  vapour  is  to  be  explain- 
ed in  the  same  manner:  sensible  caloric  producing  expan- 
sion, and  separating  the  particles  from  each  other.  The 
only  difference  is,  that  this  proceeds  until  the  cohesion  is 
overcome,  and  the  particles  repel  each  other-,  and  there 
is  a fact  with  regard  to  this  change,  — that  it  is  resisted  by 
pressure,  or  that,  after  it  has  been  effected,  pressure  redu- 
ces the  vapour  to  the  fluid  state,  sufficient  to  prove  that 
this  view  is  just.  Pressure,  it  is  evident,  can  have  only 
a mechanical,  effect.  By  resisting  the  separation  of  the 
particles,  it  may  counteract  the  operation  of  sensible  heat, 
and  prevent  the  transition  to  the  aeriform  state,  or,  if  ap- 
plied to  a vapour,  it  may  cause  an  approximation  of  the 
particles,  and  favour  the  exertion  of  the  cohesive  attrac- 
tion ; but  we  perceive  not  how  it  can  prevent  caloric  from 
entering  into  a chemical  combination,  or  separate  it  where 
it  has  been  combined.  This  fact  is  a conclusive  one,  in 
proving  that  the  body  changes  its  form  first,  and  that  then 
the  caloric  is  absorbed  or  disengaged ; for  the  pressure 
may  influence  the  change  of  form,  by  its  effects  on  the 
distances  at  which  the  particles  are  placed,  but  cannot  in- 
fluence a chemical  combination  if  it  did  exist. 

Some  have  imagined,  that  the  constitution  of  the  gases 
termed  permanent  is  a proof  of  the  combination  of  calo- 
ric ; the  attraction  of  caloric  to  the  bases  of  these  gases  be- 
ing supposed  to  be  so  strong,  that  their  change  of  form 
cannot  be  effected.  This  argument,  which  has  been  often 
urged,  is  stated  with  several  others  not  more  conclusive* 
by  Robison,  in  his  fifth  note  to  Dr  Black’s  Lectures.  This 
circumstance,  however,  is  no  proof  of  a more  intimate 
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combination  of  caloric,  or  a stronger  attraction  between 
it  and  the  solid  matter.  There  can  be  little  doubt,  but 
that  the  difference  between  the  vapours  and  gases  depends 
merely  on  the  solid  matter  of  the  latter  assuming  the  ae- 
rial form  at  lower  temperatures  than  the  former  do  ; and 
that  could  the  temperature  be  sufficiently  reduced,  the  lat- 
ter, like  the  former,  would  be  condensed. 

For  the  reasons  now  stated,  it  appears  to  me,  that  there 
can  be  little  hesitation  in  rejecting  the  opinion,  that  the 
absorption  of  caloric,  which  accompanies  liquefaction  and 
vaporisation,  arises  from  any  intimate  combination  of  it 
with  the  body  which  has  changed  its  form  : and  if  the  op- 
posite view  of  these  phenomena  be  just,  it  is  a mistake  to 
make  any  distinction  between  w'hat  are  termed  latent  and 
sensible  heat.  The  fact  must  no  doubt  be  expressed,  that 
when  a body  passes  Irom  the  solid  to  the  fluid,  or  I'rom  the 
fluid  to  the  aeriform  state,  a quantity  of  caloric  is  absorb- 
ed by  it,  which  has  no  effect  in  increasing  its  temperature; 
and  ill  this  sense  the  term  latent  heat,  or  latent  caloric, 
may  be  employed.  Iffitwe  are  not  to  consider  this  as  ex- 
isting in  the  body  in  a different  state  from  the  other  por- 
tion ol  caloric  it  contains ; nor  is  it  only  at  the  transition 
of  form  that  a larger  quantity  is  necessary  to  produce  in 
it  a given  temperature.  At  every  subsequent  increase  of 
temperature,  the  fluid  requires  more  heat  than  the  solid, 
and  the  vapour  more  than  the  fluid ; and  therefore,  were 
such  a distinction  juht,  it  would  require  to  be  said,  that  at 
every  successive  elevation  of  temperature,  a portion  of  the 
caloric  received  by  the  fluid  passed  into  a latent  state. 
This  is  an  important  observation,  and  decisive  of  the  ques- 
tion. In  the  theory  of  Black,  the  peculiarity  in  the  ab- 
sorption of  caloric  is  considered  as  confined  to  the  actual 
changes  of  lorm.  But  this  is  not  the  case  ; tlie  liquid, 
after  it  is  formed,  does  not  suffer  the  same  rise  in  its  tem- 
perature from  the  same  quantity  of  heat  communicated  to 
it  that  the  solid  does,  nor  does  the  vapour  suffer  the  same 
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change  as  the  liquid.  At  the  change  of  form  the  body  has 
acquired  a new  relation  to  caloric,  in  consequence  of  which 
it  henceforth  requires  more  heat  to  elevate  its  temperature 
a certain  number  of  degrees:  an  absorption  of  a large  quan- 
tity of  caloric  to  keep  up  its  existing  temperature  must 
therefore  take  place  at  the  moment  of  change ; and  with 
the  admission  of  this  fact,  the  theory  of  Irvine  is  establish- 
ed, while  that  of  Black  cannot  be  maintained. 

It  may  be  supposed,  that  the  difference  of  capacity  in 
bodies,  in  whatever  state  they  exist,  may  proceed  from  a 
chemical  combination  of  caloric.  By  saying  that  different 
bodies,  or  different  forms  of  the  same  body,  have  different 
capacities  for  caloric,  we  express  the  general  fact,  that  in 
equal  quantities,  and  at  equal  temperatures,  they  contain 
unequal  quantities  of  this  power.  But  may  this  not  be 
owing  to  a more  intimate  combination,  analogous  to  che- 
mical union,  of  part  of  the  caloric, — of  that  part  of  it 
in  each  body,  which  amounts  to  the  difference  of  the 
quantity  it  contains,  compared  with  another  ? This  opi- 
nion is  at  once  refuted,  by  the  consideration,  that  were 
it  true,  the  quantity  of  free  caloric,  or  caloric  of  tempera- 
ture, must  in  all  bodies  be  the  same,  this  being  the 
very  principle  assumed  ; and  hence,  in  equal  reductions 
of  temperature,  they  ought  to  give  out  equal  quantities, 
proportioned  to  their  quantity  of  matter.  It  is  only  when 
the  reduction  is  carried  to  the  lowest  point  of  the  ther- 
mometrical  scale,  that  the  excess  which  the  one  contains 
above  the  other,  if  it  were  chemically  combined,  ou<rht  to 
be  given  out.  They  give  out,  however,  unequal  quanti- 
ties ; and  to  account  for  this,  the  supposition,  that  the  por- 
tion of  caloric  which  one  contains  above  another  is  in  a 
state  of  chemical  combination,  cannot  be  assigned.  Nor, 
as  I sh^ll  immediately  have  to  state,  is  there  any  founda- 
tion for  the  opinion,  that  caloric  exists  in  such  a state. 

Whether,  therefore,  the  question  be  considered  as  re- 
lating to  the  cause,  why  different  bodies  contain,  at  the 
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same  temperature,  unequal  quantities  of  caloric  ; or  to  the 
cause,  why  different  forms  of  the  same  body  follow  the 
same  law ; in  neither  case  can  it  be  supposed  that  a che- 
mical combination  of  that  portion  of  caloric  which  one  con- 
tains more  than  the  other,  is  the  cause  of  the  difference ; 
and  as  the  phenomena  arc  in  both  these  cases  the  same, 
they  must  be  ascribed  to  the  same  cause.  In  conformity 
to  Dr  Irvine’s  theory,  and  in  language  unconnected  with 
any  hypothesis,  the  general  fact  may  be  expressed,  that 
caloric,  whatever  may  be  its  nature,  is  a power  diffused 
over  matter  •,  the  cause  of  that  state  of  bodies  termed  Tem- 
perature ; having  a tendency  to  diffuse  itself  until  a com- 
mon temperature  is  formed  ; but,  for  the  production  of 
this  temperature  in  dijff-rrent  bodies^  and  in  different  forms 
of  the  same  body,  unequal  quantities  of  this  power  are  re- 
quired. 


Sect.  VI. — Of  the  Absolute  Qiiantityof  Caloric  in  Bodies. 

Caloric,  whatever  may  be  its  nature,  must  be  contain- 
cel  iiv  bodies  in  limited  quantity.  It  may  therefore  be  pro- 
posed as  a problem.  What  the  absolute  quantity  is;  or  at 
what  distance  in  the  thermometrical  scale,  from  a given 
temperature,  would  the  point  at  which  bodies  would  be 
without  heat,  be  found  ? The  farther  we  reduce  the  tem- 
perature, the  nearer  we  approach  to  this ; and  could  we 
arrive  at  it,  it  is  evident  that  by  commencing  from  it  the 
thermometrical  scale,  the  degrees  on  that  scale  would  be 
a measure  of  the  absolute  quantity  of  caloric  contained  at 
a given  temperature.  We  can  never,  however,  expect,  by 
any  reduction  of  temperature,  to  abstract  from  bodies  all 
the  caloric  they  contain.  But  still  it  may  be  discovered 
by  calculation  from  certain  data,  at  what  distance  in  the 
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thermometrical  scale  this  point  of  absolute  privation,  or 
tile  real  Zero,  as  it  has  been  termed,  would  be  placed. 
,1  have  to  state  in  this  section  the  methods  which  have  been 
employed,  and  their  results. 

The  possibility  of  solving  this  problem  seems  first  to 
have  occurred  to  Dr  Irvine,  in  consequence  ot  his  investi- 
gations on  the  capacities  for  heat.  It  is  obvious,  that  if 
the  quantity  of  caloric  contained  in  bodies  be  proportional 
to  their  capacity,  then  from  knowing  that  capacity  in  the 
different  states  in  which  a body  exists,  and  the  quantity 
of  caloric  which  it  absorbs  or  gives  out  when  it  passes  from 
one  state  to  another,  we  have  the  data  from  which  the 
whole  quantity  existing  in  it  may  be  discovered;  that  quan- 
tity bearing  a certain  relation,  which  the  difference  ot  the 


capacity  of  the  body  in  its  two  states  discovers,  to  the  quan- 
tity absorbed  or  given  out  in  the  change  ot  form.  1 hus, 
suppose  the  capacity  of  water  to  be  to  that  of  ice  as  10  to 
9,  as  has  been  estimated,  water,  at  the  same  temperature 
with  ice,  that  is  at  32^,  will  in  the  same  weight  contain 
one-tenth  more  caloric.  When  water,  therefore,  is  con- 
verted into  ice,  it  must  give  out  this  tenth  part,  and  by  as- 
certaining what  the  amount  of  this  is,  we  discover  what 
the  quantity  of  caloric  is  which  water  contains,  or  what 
quantity,  numbered  by  degrees  of  temperature,  will  be  re- 
quisite to  raise  it  from  the  real  zero  to  32°.  Supposing 
the  quantity,  according  to  Dr  Black’s  estimate,  to  be  140®, 
this,  according  to  the  preceding  statement,  is  the  tenth 
part  of  the  caloric  which  water  at  32®  contains;  ot  course. 


the  whole  quantity  is  equal  to  1400  degrees;  or  1260  de. 


grees,  such  as  those  contained  in  the  water,  now  remain 
in  the  ice.  But  the  capacity  of  this  ice  being  one-tenth 
less  than  that  of  water,  the  quantity  of  caloric  which  would 
raise  the  temperature  of  water  1260^  will  raise  that  of  ice 
1400®.  Hence  either  water  or  ice  at  32°  contain^  a quan- 
tity of  caloric  capable  of  raising  its  own  temperature  1400 


438 


ABSOLUTE  CALORIC 


degrees,  and  of  course  the  zero  is  at  that  distance,  mea- 
suring, by  the  divisions  of  Fahrenheit’s  scale,  from  32°  *. 

On  these  principles  is  founded  the  theorem  which  Dr 
Irvine  gave  for  calculating  the  real  zero.  Without  em- 
ploying algebraical  terms,  it  may  be  thus  stated:  The  ca- 
pacities ot  the  solid  and  liquid  being  as  the  whole  quanti- 
ties ol  heat  they  contain,  the  difference  between  the  num- 
bers which  express  their  capacities  is  to  the  number  which 
cxpi’esses  the  capacity  of  the  liquid,  as  the  difference  be- 
tween the  quantities  of  heat  which  each  contains,  measur- 
ed according  to  the  capacity  of  the  liquid,  is  to  the  num- 
ber of  degrees  wdiich  will  express  the  quantity  of  caloric 
it  contains  from  zero.  The  following  general  formula, 
therefore,  may  be  given  for  the  calculation.  Multiply  the 
number  which  expresses  the  quantity  of  heat  absorbed 
when  the  body  passes  from  the  solid  to  the  liquid,  or  given 
out  when  it  passes  from  the  liquid  to  the  solid  state,  by  the 
number  denoting  the  capacity  of  the  liquid.  Divide  the 
product  by  the  number  which  expresses  the  difference  in 
the  capacities  of  the  body  in  its  two  forms  ; the  quotient 
will  be  the  number  of  degrees  of  temperature  between  the 
freezing  point  of  the  liquid  and  zero,  measured  according 
to  the  capacity  of  the  liquid.  Or,  if  we  take  as  the  mul- 
tiplicator,  the  number  which  expresses  the  capacity  of  the 
solid,  the  quotient  of  the  division  will  give  the  quantity  of 
caloric  contained  in  the  solid  at  its  melting  point,  mea- 
sured by  degrees  according  to  the  capacity  of  the  liquid. 

* Dr  Irvine  placed  the  zero  at  about  900°  below  0 of  Fah- 
renheit, from  finding,  as  the  result  of  his  experiments,  a difter- 
ent  proportion  between  the  capacities  of  water  and  ice.  In- 
stead of  being  as  10  to  9,  as  has  been  generally  stated,  he  foun^ 
it  to  be  nearly  as  10  to  8 ; and  as  Dr  Irvine  appears  to  have 
made  the  experiment  to  ascertain  these  comparative  capacities 
with  more  care  than  any  other  person,  his  estimate  wmuld  be 
to  be  preferred,  if  the  discordant  results  on  this  question  did 
not  render  all  the  numbers  that  have  been  given  doubtful. 
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And,  to  bring  these  to  degrees,  measured  by  the  capacity 
of  the  solid  itself,  it  is  only  necessary  to  add  the  number 
of  degrees  absorbed  in  its  transition  to  the  fluid  form. 

All  bodies  having  a common  temperature,  must  be  at 
the  same  distance  from  the  commencement  of  the  thermo- 
metrical  scale.  They  will  contain,  indeed,  different  quan- 
tities of  caloric;  but  this  arises  from  the  difference  in  their 
capacities,  or  from  their  requiring  different  quantities  to 
produce  the  same  augmentations  ot  temperature.  1 he  de- 
grees of  temperature  are  the  same,  though  the  quantities 
requisite  to  produce  these  be  different.  11,  therefore,  wa- 
ter at  32°  be  distant  from  the  zero  I tOO  degrees,  all  other 
bodies  must  be  distant  from  it  the  same  number  ol  degrees ; 
the  number  in  each  being  measured  by  degrees  according 
to  its  own  capacity*.  Hence,  il  this  point  be  truly  de- 
termined, it  must  turn  out  the  same  when  determined  by 
other  methods  on  other  bodies.  And  this  agreement,  it 


* If  this  circumstance,  the  reckoning  the  degrees  according 
to  the  capacity  of  the  body  referred  to,  be  not  attended  to,  the 
results  cannot  correspond  ; and  there  is  reason  to  believe', 
that  this  has  sometimes  been  overlooked.  Thus,  some  authors, 
from  the  calculation  in  the  text,  founded  on  the  capacities  of 
ice  and  water,  have  stated  the  zero  at  12b0°  below  32°.  The 
caloric  contained  in  ice  at  32°  is  no  doubt  according  to  the 
data  on  which  that  calculation  is  founded  equal  to  1260°,  mea- 
sured by  the  capacity  of  water  ; but  these  degrees  ought  to  be, 
measured  by  the  capacity  of  the  ice  ; and  as  this  is  one-tenth 
less  than  that  of  water,  this  will  bring  them  equal  to  1400°. 
In  like  manner,  the  quaeitity  of  caloric  in  water  at  32°,  ac- 
cording to  the  same  data,  will  be  equal  to  1400°  above  zero; 
these  degrees  being  measured  by  the  capacity  of  water.  And, 
in  all  cases,  the  distance  at  which  any  body,  at  a given  tem- 
perature, is  from  zero,  ought  to  be  stated  in  degrees  measured 
by  its  own  capacity;  and  if  this  be  done,  the  distance  of  that 
point  from  a given  temperature  will  in  all  turn  out  the  same, 
though  the  real  quantities  of  caloric  they  may  contain  will 
be  different.  For  the  following  general  formula,  for  calcula- 
ting the  zero,  applicable  to  the  measurement  by  the  capacity 
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obtained,  will  be  a proof  of  the  justness  of  the  principles 
on  which  the  problem  is  solved. 

Dr  Crawibrd  endeavoured  to  determine  it  by  a calcu- 
lation Ibunded  on  the  capacities  of  the  two  elements  which, 
by  their  combination,  form  water,  the  quantity  of  heat  ex- 
tricated during  their  combination,  and  the  ca{)acity  of  the 
product.  It  is  evident,  that  supposing  the  specific  heats 
ot  the  elements  of  water  to  be  the  same  as  their  absolute 
heats,  by  knowing  the  former,  the  cjuantity  of  caloric  given 
out  during  their  combination,  and  the  specific  heat  of  the 
substance  they  form,  we  may  discover  tlie  absolute  quanti- 
ties they  contained,  or  the  number  ol  degrees  at  which 
they  are  distant  from  the  zero.  Dr  Crawford  calculated 
this  to  be  1550^  from  50°  of  Fahrenheit,  or  placed  the 
zero  at  15^2°  below  the  freezing  point  of  water  *. 

Gadolin  instituted  a series  of  experiments  on  this  sub- 
ject, which  appear  to  have  been  executed  with  much  caref. 


either  of  the  fluid  or  of  the  solid,  and  more  comprehensive 
than  any  1 have  met  with,  1 am  indebted  to  my  friend  Profes- 
sor Jackson.  “ Let  C & c represent  the  capacities  of  the  fluid 
and  the  solid  respectively  ; H & 4 their  absolute  quantities  of 
heat,  as  hieasured  by  thermomctrical  degrees,  according  to 
the  capacity  of  the  fluid;  H'  & h',  the i same  as  measured  ac- 
cording to  the  capacity  of  the  solid  : 

Then  C : c rr  H : /« 

& C— c : C=H— /i 

C — c 


Also  C : c = H'  : // 

& C — c : c=  H' — h>:h' 


(H'-h')c 
"C— c 


Or,  as  the  difference  of  the  numbers  expressing  the  capacities 
of  the  fluid  and  the  solid,  is  to  that  expressing  the  capacity  of 
cither  ; so  is  the  difference  of  their  absolute  quantities  of  heat 
at  the  point  of  liquefaction,  estimated  according  to  the  scale 
of  that  capacity,  to  the  distance  on  the  same  scale  between  the 
point  of  liquefaction  and  the  absolute  zero.” 

* Treatise  on  Animal  Heat,  p.  267.  f Ibid.  p.  457. 
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He  ascertained  the  capacity  of  sea-salt,  and  the  capacity 
of  the  solutions  it  forms  with  given  quantities  of  water, 
and  observed  the  degrees  of  cold  produced  in  dissolving 
the  salt  in  the  various  proportions  of  water : the  results  he 
obtained  coincided  with  the  supposition  that  the  zero  is 
1400  deofrees  below  0 of  Fahrenheit,  or  143i'°  below  the 
freezing  point  of  water.  Other  experiments  on  the  cold 
produced  in  the  mutual  action  of  snow  and  salt,  and  on 
the  heat  excited  by  the  combination  of  sulphuric  acid  with 
water,  agreed  with  this  as  nearly  as  from  the  delicacy  of 
the  experiments  could  have  been  expected. 

The  experiments  of  Lavoisier  and  Laplace  with  the  ca- 
lorimeter, gave,  on  the  other  hand,  results  altogether  in- 
consistent with  these,  and  with  each  other.  From  the 
heat  produced  by  the  mixture  of  water  and  quicklime, 
compared  with  the  capacities  of  the  lime,  the  water,  and 
the  mixture  of  the  lime  and  water,  the  quantity  of  caloric 
contained  in  the  water  at  32®,  or,  in  the  equation  they 
employed,  a;^  was  found  = 1537.8  degrees,  according  to 
Reaumur’s  scale,  or  3460°  according  to  Fahrenheit’s  ; 
hence  the  zero  is  that  number  of  degrees  below  32°.  An 
experiment,  on  the  heat  evolved  by  a mixture  of  sulphuric 
acid  and  water,  compared  with  the  capacities  of  the  sub- 
stances before  and  after  mixture,  gave  a:  = 324 1.9°  R.,  or 
7294°  F.  A third  experiment,  in  which  the  acid  and  wa- 
ter were  in  other  proportions,  gave  1169.1°  R.,  or 
2630°  F.  And  from  the  mixture  of  nitric  acid  and  quick- 
lime, in  the  proportion  of  94-  to  1 , the  result,  as  Laplace 
states  it,  was  ^ = ^ value,  as  he  remarks,  “ physi- 

cally impossible,  and  consequently  proving  the  falseness 
of  the  hypothesis  calculated  on,  if  the  specific  calorics  em- 
ployed in  the  calculation  were  rigorously  exact  L 

This  conclusion,  taking  into  account  this  condition,  no 
doubt  follows  both  from  the  result  of  the  last  experiment, 


* Meraoires  de  I’Acad.  des  Sciences,  1780,  p.  386. 
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and  from  the  discordant  results  of  the  others.  “ But  it 
ought  to  be  observed,”  adds  Laplace,  “ that  a very  trivial 
alteration,  at  most  a fortieth,  in  the  estimation  of  the  spe- 
cific heats  of  the  substances  employed,  will  be  sufficient  to 
establish  a correspondence  between  all  our  results for 
the  quantities  given  out  in  these  combinations,  bearing  so 
inconsiderable  a proportion  to  the  absolute  heat,  a slight 
alteration  in  the  estimation  of  the  capacity  will  have  a very 
important  effect  in  the  calculation  from  which  the  zero  is 
deduced  ; “ nor  can  we  affirm,”  he  continues,  “ that  an 
error  so  trivial  has  not  crept  into  our  experiments,  and 
therefore  they  are  neither  favourable,  nor  adverse  to  the 
theory  ; and  all  that  can  be  concluded  is,  that  if  the  theory 
on  which  this  calculation  is  established  be  just,  the  abso- 
lute heat  of  bodies  the  temperature  of  which  is  that  of 
melting  ice,  must  be  at  least  600  degrees  of  Reaumur’s 
scale,  (1350°  of  Fahrenheit’s);  for  to  make  it  a number 
less  than  600°,  it  is  necessary  to  suppose,  in  our  experi- 
ments, errors  greater  than  those  of  which  they  appear  to 
be  susceptible.”  With  this  admission,  and  considering 
that  in  no  case  can  we  be  assured  that  the  capacity  of  a 
body  is  ascertained  with  accuracy,  sti  as  to  preclude  the 
error  of  a fortieth  part,  and  that  with  regard  to  many  sub- 
stances, the  results  of  different  experiments  are  much  more 
discordant  than  this,  there  can  be  no  hesitation  in  affirm- 
ing, that  the  experiments  of  Lavoisier  and  Laplace  do  not 
invalidate  the  theorem  of  Irvine. 

In  addition  to  these  experiments,  Seguin  has  given  cal- 
culations of  the  zero  from  experiments  by  Lavoisier,  on 
the  heat  rendered  sensible  during  the  burning  of  different 
combustible  bodies  *.  From  the  heat  produced  in  the  burn- 
ing of  phosphorus  he  placed  it  at  1894°  below  the  freez- 
ing point  of  water,— from  that  in  the  burning  of  hydrogen 
at  1663°,  and  from  that  evolved  in  the  combustion  of  char- 


• Annales  de  Chimie,  t.  v. 
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coal  at  27099.  Mr  Dalton  also  has  fromh  is  experi- 
ments, or  from  facts  furnished  by  Lavoisier  and  Craw- 
ford, calculated  the  zero,  and  has  placed  it  still  more  re- 
mote from  natural  temperature.  I'he  following  table  ex- 
hibits the  results,  the  numbers  denoting  degrees  below  32 
of  Fahrenheit  *. 


From  a mixture  of  5.77  sulphuric  acid  and  1 water,  6400'’ 


1.6 I 4150 

1 2 6000 

3 lime  1 4260 

7 nitric  acid  1 lime  11000 

From  the  combustion  of  hydrogen,  - - 5400 

phosphorus,  - - 5400 

—charcoal,  - * 6000 

oil,  wax  and  tallow,  - 6900 

ether,  - - 6000 


The  same  observations  apply  to  these  as  to  the  prece- 
ding calculations.  They  are  not  less  liable  to  errors, 
which,  multiplied  by  the  calculation,  may  give  rise  to  such 
differences.  These  discordant  results,  therefore,  only  prove 
the  difficulty  to  which  the  attempt  to  reduce  the  theorem 
to  practice  is  liable,  but  do  not  invalidate  the  theory  on 
which  it  has  been  attempted.  If  the  capacities  of  bodies 
shall  ever  be  determined  with  perfect  accuracy,  the  ques- 
tion will  assume  a different  form, — the  place  of  the  real 
zero  will  either  be  determined  with  certainty,  or  the  fal- 
sity of  the  theory  be  demonstrated.  At  present  we  can 
expect  neither.  If  we  examine  the  table  of  capacities,  we 
find  such  differences  in  the  numbers  affixed  to  the  same 
substances  by  different  experimenters,  as  sufficiently  prove 
the  difficulty  of  fixing  them  with  such  accuracy,  as  to  ad- 
mit of  either  conclusion.  The  investigation,  too,  is  rather  a 


* System  of  Chemical  Philosophy,  p.  97. 
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subject  of  curiosity  tliiin  of  utility  ^ und  it  is  fur  fiom  being 
what  Professor  Robison  states  it,  that  which  “ gives  the 
chief  luiportaiice  to  the  whole  doctrine  of  specific  heats.” 
The  importance  of  that  doctrine  consbts  in  its  giving  the 
theory  bv  which  we  account  Ibr  the  variations  of  tempera- 
ture from  chemical  action  ; our  knowledge  of  the  relations 
between  the  specific  heats  of  different  substances  enabling 
us  to  do  so  with  accuracy,  at  that  part  of  the  scale  of  tem- 
perature at  which  they  take  place,  though  we  know  no- 
thing of  the  absolute  quantities  of  caloric  they  contain. 


F 


B 


A 


E 


H 


D 


Bv  a simple  diagram,  the  principal  facts  relative  to  the 
capacities  of  bodies,  the  changes  they  suHer  in  changes  of 
form,  and  the  determination  from  tfiese  of  the  real  zeio, 
may  be  rendered  obvious,  and  the  preceding  statements  il- 
lustrated. 

Let  the  line  AB  represent  the 
scale  of  temperature,  from  the  real 
zero  A to  any  existing  natural  tem- 
perature B,  and  let  the  line  BC  de- 
note the  capacity  of  any  body  at  that 
temperature,  the  rectangle  CA  will, 
on  the  theory,  that  the  caloric  con- 
tained in  a body  is  proportional  to 
its  capacity  and  temperature,  repre- 
sent the  whole  quantity  of  caloric 
which  that  body  at  that  temperature 
contains;  and  at  any  inferior  tempe- 
rature this  will  be  represented  by  the  rectangle  formed  by 
a line  meeting  at  right  angles  the  lines  AB,  EC.  Let 
B be  the  point  at  which  the  body  becomes  fluid,  its  capa- 
city is  then  enlarged,  and  this  enlargement  may  be  repre- 
sented by  prolonging  the  line  BC  to  D.  From  this  aug- 
mentation of  capacity,  a quantity  of  heat  is  absorbed,  with- 
out producing  any  rise  of  temperature;  this  quantity,  the 
latent  heat  of  the  fluid,  is  represented  by  the  rectangle  DE, 
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i the  sensible  heat  of  the  fluid  by  the  rectangle  C A,  and  the 
whole  heat  it  contains  by  the  rectangle  DA.  In  raising 
its  temperature,  quantities  ot  caloric  must  be  communica- 
ted to  it  of  course  proportional  to  its  capacity,  and  these 
might  be  represented  by  lines  intersecting  at  riglit  angles 
the  lines  BF,  DG,  this  being  continued  until  it  be  rai- 
sed to  the  point  at  which  it  passes  to  the  state  of  vapour. 
Suppose  this  to  be  at  F,  the  augmentation  ol  capacity 
which  happens  when  this  change  takes  place  will  be  repre- 
sented by  prolonging  the  line  FG  to  FI,  the  quantity  of 
caloric  it  absorbs  from  this  augmentation  by  the  rectangle 
HI,  and  the  whole  caloric  which  the  vapour  contains  at 
the  temperature  at  which  it  was  formed,  by  the  rectangle 
HA.  To  represent  farther  elevations  of  temperature,  the 
lines  AF,  KH  must  be  prolonged,  and  at  any  point  the 
cjuantity  of  caloric  contained  in  the  vapour  will  be  repre- 
sented by  the  rectangle  formed  by  these,  the  line  AK,  and 
a line  intersecting  at  the  part  representing  that  point  the 
prolonged  lines  AF,  KH.  By  this  simple  diagram  are 
thus  represented,  the  relation  of  temperature  and  capacity, 
of  latent  and  sensible  caloric,  the  changes  in  the  distribu- 
tion of  caloric  accompanying  changes  of  form,  and  the  ab- 
solute quantity  which  any  body  at  any  temperature  will 
contain. 

This  representation,  for  the  sake  of  simplicity,  has  been 
given  on  the  supposition,  that  the  capacities  ot  bodies  are 
permanent,  while  it  is  probable  that  they'  are  not  so,  but 
are  progressive  with  regard  to  temperature,  or  become 
greater  as  the  temperature  rises.  At  the  transition  ot  a 
body  to  the  fluid  and  aeriform  states,  the  capacity  is  sutl- 
denly  enlarged  ; but,  besides  this,  there  is  reason  to  be- 
lieve, that  in  all  its  forms  the  ca’pacity  is  gradually  enlarged 
as  the  temperature  is  raised.  We  know  it  to  be  so  in  the 
aeriform  state  j and  both  from  analogy,  and  from  the  con- 
sideration of  the  effect  of  expansion  on  capacity,  it  may  be 
inferred,  that  it  is  likewise  the  case  in  the  liquid  and  so- 
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lid  states.  On  this  assumption,  the  same  facts  will  be  re- 
presented by  the  following  modification  of  the  preceding 
diairram  *.  The  line  AD  will  re- 
present  the  scale  of  temperature 
from  the  zero  A to  a certain  tern-  ^ 
perature  above  that  at  which  the 
body  passes  into  vapoiii’,  C being 
the  point  at  which  it  suffers  this 
chhnge,  and  B the  point  at  w Inch 
it  becomes  fiiiid  ; the  progressive 
augmentation  of  capacity  which 
the  solid  suffers  in  the  rise  of  its 
temperature  from  the  zero  to  its 
melting  point  will  be  represent- 
ed by  the  line  NE,  (AN  repre-  A 
senting  its  capacity  at  zero,)  and  the  quantity  of  caloric 
which  it  contains  at  that  point,  being  still  solid,  by  the 
rectangle  BF.  The  increase  of  capacity  which  happens  at 
its  fusion  will  be  represented  by  the  line  EG,  and  the 
whole  capacity  by  the  line  BG  ; the  quantity  of  heat  ab- 
sorbed, by  the  rectangle  GF,  and  the  whole  quantity  the 
fluid  contains  at  the  temperature  at  which  it  has  become 
fluid,  by  the  rectangle  GA.  .The  gradual  augmentation 
of  capacity  in  the Jluid^  as  its  temperature  is  raised,  will  be 
represented  by  the  line  GH  j and  the  heat  it  contains  at 
the  temperature  at  which  it  passes  into  vapour,  by  the  rect- 
angle HA.  The  enlargement  of  capacity  attending  that 
change  of  form  is  represented  by  the  line  HI  ; the  whole 
capacity  by  the  line  Cl  *,  the  quantity  of  caloric  absorbed, 
by  the  rectangle  IL;  and  the  quantity  of  caloric  the  va- 


* In  this  diagram  it  is  assumed,  that  the  augmentations  of 
capacity,  as  the  temperature  rises,  are  regular,  except  where 
tlie  changes  of  form  take  place,  while  it  is  possible  that  they 
be  irregular.  Any  irregularity  of  this  kind  might  he  repre- 
sented, by  adapting  to  it,  were  it  knotvn,  the  lines  NE,GH,  IK. 
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pour  contains  at  the  temperature  at  which  it  has  assumed 
that  form,  by  the  rectangle  lA.  Lastly,  the  increase  of 
capacity  in  the  vapour  as  its  temperature  rises,  is  repre- 
sented by  the  line  IK ; its  capacity  at  any  temperature 
above  its  vaporific  point  will  be  represented  by  a line  drawn 
at  right  angles  from  the  point  denoting  that  temperature, 
in  the  line  representing  the  scale  of  temperature,  until  it 
meets  the  line  IK,  prolonged  if  necessary;  as,  for  exam- 
ple, by  the  line  DK ; and  the  quantity  of  caloric  it  con- 
tains at  that  temperature  will  be  expressed  by  the  rectan- 
gle thus  formed,  KA. 

In  endeavouring  to  determine  the  question  as  to  the 
place  of  the  zero,  and,  of  course,  the  question  with  regard 
to  combined  caloric,  it  has  often  been  supposed,  that  the 
assumption  of  the  permanence  of  capacity  at  all  tempera- 
tures, is  essential  in  the  calculation.  By  the  experiment, 
it  has  been  said,  by  which  we  discover  the  capacities  of  bo- 
dies, we  perceive  that  a given  quantity  of  caloric  added  to 
a body,  or  abstracted  from  it  at  a certain  temperature, 
elevates  or  depresses  its  temperature  a certain  number  of 
degrees.  By  repeating  the  experiment  on  another  body, 
or  on  the  same  body  in  a different  form,  we  likewise 
discover  that  the  same  quantity  of  caloric,  measured  with 
accuracy,  and  communicated  to  it,  or  abstracted  from  it, 
produces  a certain  change  in  its  temperature,  different 
from  that  which  the  other  experienced.  We  thus  disco- 
ver the  relation  subsisting  between  them,  in  the  change 
which,  at  these  temperatures,  they  suffer  from  an  equal 
communication  or  absorption  of  caloric.  But  how  do  we 
know,  that  the  same  relation  will  subsist  between  them  at 
all  points  of  the  thermometrical  scale  ? Either  of  them  at 
a temperature,  4,  or  500  degrees  below  the  medium  tem- 
perature of  the  earth,  may  experience  elevations  or  de- 
pressions of  temperature  from  the  communication  or  ab- 
straction of  a quantity  of  caloric  different  from  what  it 
would  suffer  from  the  same  quantity  communicated,  or  ab- 
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stracted  at  natural  temperatures.  If  this  happen,  it  may 
be  supposed,  that  from  experiments  as  to  the  effect  on  their 
temperatures  from  quantities  of  caloric  communicated  or 
abstracted  at  natural  temperatures,  we  can  draw  no  con- 
clusion as  to  the  relative  quantities  of  absolute  caloric 
which  they  contain;  and  if  such  differences  happened  to 
both,  and  if  the  rate  of  variation  was  not  the  same  in  each, 
which  there  is  little  probability  it  should,  any  such  conclu- 
sion might  be  very  remote  from  the  truth. 

This  has  often  been  considered  as  a just  conclusion. 
“ If  the  capacities,”  says  Seguin,  “ are  not  permanent, 
while  bodies  do  not  change  their  state,  the  determination 
of  the  real  zero  will  always  be  inaccurate  Proi’essor 
Robison  fell  into  the  same  mistake.  “ Dr  Irvine’s  inge- 
nious method  of  discovering  the  temperature  of  absolute 
privation,”  he  observes,  “ presupposes  the  constancy  of 
specific  heat;  or,  if  not  constant,  it  supposes  that  we  know 
the  whole  law  of  variation.  Now  both  of  these  assump- 
tions are  highly  improbable.  In  none  of  the  progressions 
of  natural  operations  that  we  are  acquainted  with  do  we 
find  this  constancy.  It  is  much  more  analogous  to  other 
phenomena  ; to  suppose  that,  in  the  temperatures  near  to 
that  of  absolute  })rivation,  the  quantities  of  heat  necessary 
for  producing  equal  elevation  gradually  diminish,  and  this, 
perhaps,  without  end,  like  the  distance  of  the  hyperbola 
from  its  assymptote.  It  is  equally  probable  that  the  law 
of  diminution  may  be  different  in  different  substances. 
This  will  cause  the  measures  of  specific  heats  to  change 
their  proportions  continually  ; and  therefore  the  specific 
capacities  observed  in  temperatures,  allot  which  are  far  re- 
moved from  that  of  the  entire  absence  of  heat,  give  us  no 
means  of  obtaining  the  proportions  of  the  accumulated  sum 
of  all  the  heats  which  has  been  received  into  the  substan- 
ces. It  follows  from  this,  that  even  although  it  should  be 


* Annales  de  Chimie,  t.  v,  p.  2j2. 
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granted  to  Dr  Irvine,  that  the  heat  which  emerges,  in  mix- 
ing vitriolic  acid  and  water,  or  in  the  freezing  of  water,  is 
the  difference  between  the  absolute  heat  of  the  mixture,  or 
the  ice,  and  the  absolute  heats  of  the  substances  before 
mixture,  or  of  the  water  before  freezing,  still  we  cannot 
ascertain  those  absolute  heats,  or  the  temperature  of  no 
heat 

This  view  of  the  subject,  is,  however,  incorrect ; and  in 
investigating  these  questions  it  is  of  no  importance  what- 
ever whether  the  capacities  are  permanent  or  not,  or  whe- 
ther we  know  the  rate  of  their  variations,  if,  as  is  most 
probable,  they  do  vary ; for,  be  the  variations  what  they 
may,  excluding  the  hypothesis  of  combined  caloric,  a body 
at  any  temperature  will  always  contain  caloric,  proportion- 
al to  its  capacity  at  that  temperature.  This  will  be  appa- 
rent, when  we  consider,  that  if  it  change  its  capacity,  it 
gives  out  or  absorbs,  according  as  the  change  is  diminu- 
tion or  enlargement,  a quantity  of  caloric  proportional  to 
the  change.  Thus,  suppose  the  capacity  to  be  ascertained 
at  32°  of  Fahrenheit,  and  that,  in  the  reduction  of  tem- 
perature 100  degrees  below  this,  it  remains  unchanged: 
in  falling  each  degree,  the  same  quantity  of  caloric  will  be 
given  out.  Suppose  the  capacity  is  now  diminished  one- 
tenth,  then  in  falling  lower,  one-tenth  less  caloric  will  be 
given  out  each  degree  than  in  the  preceding  period.  But 
then,  when  the  diminution  of  capacity  happened,  a quan- 
tity of  caloric  will  be  extricated  equal  to  this  deficiency  of 
one-tenth  all  the  way  down  to  the  zero ; and  hence,  when 
that  point  is  reached  the  body  will  have  given  out,  on  the 
whole,  just  the  same  quantity  of  caloric  it  would  have  gi- 
ven out,  supposing  its  capacity  had  remained  unaltered. 
The  only  difference  is,  that  in  that  case  it  would  have  gi- 
ven it  out  equally,  an  equal  portion  being  parted  with  at 
^ all  degrees  of  the  scale  in  an  equal  reduction  of  tempera- 

• Notes  to  Black^s  Lectures,  vol.  i,  p.  507. 
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tore,  while,  in  the  case  we  have  supposed,  it  gives  it  out 
unequally,  or,  at  the  point  where  the  change  of  capacity 
happens,  it  parts  with  a quantity  at  once  proportional  to 
that  change,  and  from  that  downwards  gives  out  portions 
in  equal  reductions  of  temperature,  regular  but  smaller  than 
it  would  have  done  if  that  change  had  not  taken  place. 

This  may  easily  be  illustrated  by  a reference  to  the  first 
of  the  preceding  diagrams.  The  line  AB  representing 
the  scale  of  temperature  from  the  zero  A to  any  existing 
temperature  B,  and  the  line  BC  the  capacity  of  any  body 
at  that  temperature,  the  rectangle  CA  represents  the 
whole  quantity  of  caloric  which  that  body  at  that  tempe- 
rature contains.  At  this  temperature,  which  may  be  as- 
sumed to  be  a low  one,  the  capacity  of  the  body  is  enlar- 
ged, which  is  represented  by  prolonging  the  line  BC  to 
D ; and  if  the  temperature  be  raised  to  the  point  F,  in 
the  thermometrical  scale,  the  rectangle  FD  will  represent 
the  quantity  of  caloric  which  it  has  received  between  that 
and  B,  where  its  capacity  was  enlarged.  But  it  is  to  be 
observed,  that  when  the  change  of  capacity  has  taken  place 
at  B,  the  body  not  only  requires  more  caloric  to  raise  its 
temperature  from  that  point  than  it  did  before,  but,  at  the 
moment  of  enlargement,  it  must  have  absorbed  as  much 
caloric  as  will  keep  up  its  temperature,  according  to  its 
enlarged  capacity,  from  the  real  zero  to  the  point  at  which 
the  change  happened : and  therefore  the  whole  quantity 
of  caloric  it  contains,  at  the  temperature  F,  is  represent- 
ed, not  as  those  would  suppose  who  conceive  the  perma- 
nence of  capacity  to  be  a necessary  assumption  in  estima- 
ting the  absolute  quantity,  by  the  united  rectangles,  FD, 
and  CA,  but  by  the  rectangle  FI.  Lastly,  suppose  that 
at  the  point  F,  its  capacity  suffers  another  enlargement, 
to  be  represented  by  the  line  FH,  it  will  not  only  require 
more  caloric  to  raise  its  temperature  hencefoiward,  but  it 
will  absorb,  at  the  moment  of  change,  as  much  caloric  as 
is  requisite  to  keep  up  its  temperature  according  to  that 
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capacity  from  zero ; and  if  AF  be  farther  prolonged,  and 
be  connected  by  a straight  line  with  the  line  KH,  like- 
wise prolonged,  so  as  to  form  the  rectangle  which  is  the 
figure  of  the  diagram,  this  rectangle  will  represent  the 
quantity  of  caloric  which  the  body  contains  at  the  higher 
part  of  the  scale  of  temperature,  represented  by  the  pro- 
longed line.  Now,  if  from  knowing  the  capacity  at  that 
part  of  the  scale  of  temperature,  (which  may  be  supposed 
to  be  a natural  one),  we  seek  to  determine  at  what  dis- 
tance from  it  the  real  zero  will  be  found,  it  is  of  no  con- 
sequence, that  at  the  points  F and  B,  the  capacities  be- 
come less,  because  at  the  moment  of  such  an  alteration  a 
quantity  of  caloric  will  be  given  out,  which,  added  to  what 
remains,  will  be  equal  to  what  would  have  been  contain- 
ed, though  the  capacity  had  remained  unchanged. 

It  is  also  obvious,  that  it  is  unimportant  whether  the 
changes  of  capacity  be  more  numerous  than  those  repre- 
sented in  the  diagram  ; for  at  each  change  the  same  thing 
W'ill  happen  which  has  been  described,  or  whether  they  be 
changes  of  enlargement  or  diminution,  or,  lastly,  whether 
they  happen  by  starts,  as  represented,  or  proceed  gradually 
from  the  zero.  The  permanence  of  capacity  is  therefore 
not  essential  in  the  general  proposition  with  regard  to  the 
distribution  of  caloric  in  bodies  ; but  at  whatever  tempera- 
ture we  found  our  calculation,  the  body  mil  contain  a quan^ 
tity  of  caloric  'proportional  to  its  temperature^  and  its  capa- 
city, proceeding  always  on  the  supposition,  that  no  caloric 
exists  in  it  chemically  combined. 

Connected  with  the  preceding  investigations,  is  the  ques- 
tion, whether  caloric  exists  in  bodies  in  a state  of  combina- 
tion more  intimate  than  that  in  which  it  produces  tempera- 
ture. This  has  no  connection  with  the  opinion  already 
considered,  that  the  caloric  absorbed  in  liquefaction  and 
vaporisation,  enters  into  intimate  union  with  the  body  suf- 
fering these  changes  of  form,  but  rests  on  the  result  sup- 
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posed  to  be  established,  that  in  different  cases  of  chemical 
action,  the  quantity  of  caloric  rendered  sensible  does  not 
correspond  to  the  changes  of  capacity  that  take  place.  It 
is  hence  inferred,  that  there  mast  exist  a quantity  ot  calo- 
ric in  some  other  state  than  what  the  capacity  indicates, 
probably,  therefore,  chemically  combined.' 

It  is  on  the  state  of  the  fact  with  regard  to  this,  that 
this  hypothesis  is  to  be  determined.  If  there  is  reason  to 
conclude  from  experiment,  that  the  absolute  quantity  ol 
caloric  in  a body  is  proportional  to  its  capacity,  it  follows, 
that  no  portion  is  in  a more  intimate  combination  than 
another ; but  if  it  shall  appear,  that  the  absolute  caloric, 
as  calculated  from  experiments,  is  not  as  the  capacity,  the 
opposite  conclusion  may  be  drawn.  This  is  determined 
in  the  following  manner.  If,  by  a series  of  experiments 
on  the  changes  of  capacity  from  different  combinations  or 
changes  of  form,  the  zero  is  found  to  be  at  the  same  point 
in  the  thermometrical  scale,  it  may  be  concluded,  that  the 
absolute  caloric  is  proportional  to  the  capacity  ; but  if  by 
calculation  from  different  experiments,  the  zero  is  placed 
at  different  parts  of  the  scale,  the  opposite  conclusion  will 
be  established  j for  the  detei  mination  of  the  zero  depend- 
iu"  on  the  relation  which  the  diminution  or  increase  of 
capacity  has  to  the  augmentation  or  reduction  of  tempera- 
ture, it  follows,  that  if  in  some  cases  augmentations  of  tem- 
perature arise,  partl}^  from  a diminution  of  capacity,  and 
partly  from  a portion  of  caloric  chemically  combined  be- 
ing set  free,  while  in  other  cases  they  arise  solely  from  di- 
minution of  capacity,  the  zero,  as  calculated  from  these 
alterations  of  capacity  and  of  temperature,  will  vary  ; or 
if,  in  all  cases,  the  augmentation  of  temperature  arise  partly 
from  the  one  cause,  partly  from  the  other,  as  there  can  be 
no  reason  for  supposing  that  a constant  relation  will  sub- 
sist between  these,  a variation  in  the  point  at  which  the 
zero  is  fixed  must  be  observed.  If  it  turn  out  uniform,  it 
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i follows,  that  caloric  is  contained  in  bodies  only  in  propor- 
tion to  the  capacity. 

The  expei'hnents  by  Irvine,  Crawford  and  Gadolin,  it 
I has  been  already  stated,  were  favourable  to  the  conclusion, 

1 that  the  quantities  of  caloric  in  bodies  are  in  proportion  to 
I their  capacities,  that  therefore  none  exists  in  a state  of  che- 
! mical  combination,  Irvine  and  Crawford  found,  that  evo- 
lutions of  heat  w'ere  always  accompanied  with  diminutions 
I of  capacity  in  the  bodies  concerned,  and  absorptions  of 
heat  with  enlargements  of  capacity,  and  that  these  were 
proportional  to  each  other,  or  at  least  the  deviations  were 
not  inconsistent  with  that  law,  or  were  not  greater  than 
might  be  accounted  for  from  the  inacctrracies  to  which  such 
experiments  are  unavoidably  liable  *.  And  Gadolin,  in 
experiments  made  with  the  express  view  of  investigating 
this  question,  found  a perfect  coincidence  between  the  re- 
sults and  the  known  capacities  of  the  bodies,  so  as  to  “ put 
beyond  all  doubt,  that  the  colds  produced  are  entirely  ow- 
ing to  the  changes  of  the  comparative  heats,  and  that  no 
part  of  the  heat  has  been  chemically  combined.” 

The  experiments,  however,  of  Lavoisier  and  La  Place, 
afforded  results  so  discordant,  as  led  them  to  incline  to 
the  opinion,  that,  besides  the  caloric  in  bodies  proportion- 
al to  their  capacities,  a portion  exists  in  combination,  part 
of  which  is  evolved  during  their  chemical  action. 

The  admission  of  such  a conclusion  rests  entirely  on  the 
presumption,  that,  in  the  experiments  in  which  these  dis- 
crepancies were  observed,  the  specific  heats  of  the  bodies 
operated  on  had  been  accurately  known,  this  being  presu- 
med before  it  could  be  decided  that  these  differed  from  the 
absolute  quantities  of  caloric.  But  as  La  Place  himself 
states,  “ The  precision  with  which  it  is  necessary  to  know 
the  specific  heats  of  bodies,  renders  it  very  difficult  to  ve- 
rify the  theory,  at  least  by  the  combinations  which  we  have 


' Crawford  on  Heat,  p.  269. 
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employed,  owing  to  this,  that  the  absolute  heat  of  bodies 
being  very  considerable,  relative  to  that  which  they  give 
out  in  their  combinations,  a small  error  with  regard  to 
their  specific  heats  will  produce  a very  great  error  in  the 
absolute  quantity  of  heat.”  And  his  candid  admission, 
that  an  error  of  not  more  than  a fortietli  in  the  estimation 
of  the  capacities  would  be  sufficient  to  give  rise  to  these 
discordant  results,  at  once  prevents  the  above  conclusion 
from  being  drawn.  That  it  is  impossible  to  ascertain,  by  the 
methods  hitherto  employed,  the  capacities  of  bodies  with 
such  accuracy  as  to  exclude  errors  not  greater  than  this, 
will  be  admitted  by  every  one  who  has  given  any  attention  ■ 
to  this  subject.  If  we  examine  the  table  of  capacities,  we 
find  differences  in  the  estimation  of  the  capacities  of  the 
same  substance,  not  merely  of  a fortieth,  but  of  a tenth,  or 
even  a fourth.  The  capacity  of  alkohol  is  stated  by  Craw- 
ford 602,  by  Irvine  9S0 ; of  sulphuric  acid  by  Crawford 
429,  by  Lavoisier  335 ; of  tin  by  Crawford  70,  by  Wilcke 
60.  Many  similar  examples  might  be  given  ; and  indeed 
there  are  not  many  instances  in  w’hich  the  capacity  of  a 
body,  determined  by  two  experimenters,  coincides  so  near- 
ly as  one-fortieth.  It  is  evident,  therefore,  that  these  ex-- 
periments  afford  no  support  to  the  doctrine  of  combined 
caloric.  The  same  remark  applies  to  similar  conclusions^ 
more  lately  drawn  by  Berard  and  Delaroche;  they  arc 
founded  entirely  on  the  supposed  accuracy  of  their  estima-- 
tion  of  the  capacities  of  the  gases,  which,  as  has  been  al- 
ready stated,  there  is  little  reason  to  admit  even  to  an  ex- 
tent much  within  that  which  would  obviate  the  conclusion. 

Lavoisier  and  La  Place  stated  another  experiment,  the 
result  of  which,  in  their  opinion,  cannot,  by  the  admission 
of  any  supposed  error,  be  reconciled  with  the  others.  It 
is  that  of  the  solution  of  nitre  in  water.  A degree  of  cold 
attends  the  solution ; and  therefore,  according  to  the  the- 
ory, the  capacity  of  the  solution  of  the  nitre  must  be  great- 
er than  the  mean  capacity  of  the  salt  and  the  water.  They 
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ive  it,  however,  as  less  ; the  calculated  capacity  being 
.88889,  while  the  real  capacity  is  only  0.8167  ; hence  a 
rise,  instead  of  a fall  of  temperature,  ought  to  have  attend- 
ed the  solution.  Dr  Irvine  junior^  however,  found  the 
capacity  of  such  a solution  of  ni'.re  to  be  914  instead  of 
816,  This  agrees,  therefore,  with  the  result  of  the  expe- 
riment. Gadolin  had  before  made  the  solutions  of  sea- 
salt  ill  water,  to  which  La  Place  likewise  refers,  the  sub- 
ject of  experiment ; and  had  found,  that  the  changes  of 
temperature  attending  the  solution  correspond  exactly  with 
the  changes  of  capacity.  So  far  there  are  no  just  grounds 
for  the  conclusion,  that  any  portion  of  caloric  exists  in  bo- 
dies different  from  that  which  produces  temperature. 

There  are  some  other  facts,  however,  more  difficult  per- 
haps to  explain.  Nitre,  a salt  composed  of  nitrous  acid  and 
potash,  contains  a very  large  quantity  of  oxygen  as  one  of 
the  elements  of  the  acid,  and  this  oxygen  seems  to  exist 
in  it  with  the  greater  part  of  the  caloric  it  holds  in  the 
gaseous  form.  This  appears  by  tracing  the  formation  of 
the  nitre  as  far  as  the  process  can  be  accurately  observed. 
When  its  acid  is  formed  by  the  combination  of  nitrous 
gas  with  oxygen  gas,  there  is  no  great  elevation  of  tem- 
perature ; hence  much  of  the  large  quantity  of  caloric 
which  exists  in  the  oxygen  gas  must  be  retained  in  the 
acid,  and  when  the  acid  combines  with  potash  to  form  the 
salt,  there  is  no  great  evolution  of  heat,  and  therefore  this 
large  quantity  of  caloric,  traced  fropi  the  oxygen  into  the 
acid,  must  also  exist  in  the  salt.  And  that  it  actually 
does,  seems  to  be  proved  by  the  fact,  that  in  the  deflagra- 
tion of  inflammable  substances  with  nitre,  a high  degree 
of  heat  is  produced.  Yet  nitre  does  not  appear  to  have 
a large  capacity  for  caloric  ; it  diminishes,  as  Berlhollet 
lias  remarked,  the  specific  caloric  of  water.  The  specific 
caloric  of  oxygen  is  nearly  five  times  as  much,  according 
to  Crawford’s  estimate,  as  that  of  water:  since  so  much 
of  this,  therefore,  remains  in  the  nitre,  it  follows,  that  could 
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the  absolute  caloric  in  a body  be  estirnated  from  its  spe-* 
cific  caloric,  the  capacity  of  nitre  should  greatly  exceed 
that  of  water,  and  of  course  the  capacity  of  its  solution  in 
that  fluid  should  also  be  greater  than  that  of  pure  water, 
instead  of  being  less. 

Again,  when  ammonia  and  muriatic  acid,  each  in  the 
state  of  gas,  are  combined  together,  the  quantity  of  caloric 
extricated  is  far  from  being  considerable,  though  in  this 
case  two  gaseous  bodies,  by  their  union,  pass  into  a con- 
crete state ; a change  of  form  that  might  be  supposed  ac- 
companied with  a considerable  change  of  capacity. 

On  the  other  hand,  in  decomposing  water  by  a metal 
aided  by  the  agency  of  sulphuric  acid,  a large  quantity  of 
hydrogen  gas  is  rapidly  extricated.  Hydrogen  gas  has, 
according  to  every  estimate,  by  far  the  largest  capacity  for 
caloric  of  any  known  body.  We  might  suppose,  therefore, 
that  when  a quantity  is  thus  rapidly  extricated,  it  would 
absorb  much  caloric,  and  that  the  temperature  of  the  mix- 
ture from  which  it  is  evolved  would  be  [reduced,  which  is 
not  sensibly  the  case.  The  case  of  deflagration  affords  a 
similar  objection.  From  such  facts,  it  is  inferred,  that  the 
quantity  of  caloric  in  bodies  is  not  always  proportional  to 
their  capacities  ; that  it  must  therefore  exist  in  some  other 
state,  most  probably  in  more  intimate  chemical  union. 

There  may  be  a difficulty  in  some  of  these  cases,  yet 
there  are  some  considerations  which  lessen  its  force. 

In  all  of  them  the  difficulty  urged  is  derived  from  the  as- 
sumed capacities  of  bodies  which  exist  in  the  aerial  form; 
and  when  we  find  so  many  errors  in  the  determination  of 
the  capacities  of  solids  and  liquids,  which  can  easily  be 
subjected  to  experiment,  and  in  quantities  so  large  as  to 
reduce  considerably  the  magnitude  of  these  errors,  it  can- 
not be  supposed  that  the  capacities  of  aeriform  fluids, 
which  can  be  operated  on  in  no  large  quantities,  and 
are,  besides,  liable  to  peculiar  sources  of  error,  can  be  de- 
termined with  much  accuracy.  There  is  every  reason  to 
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believe,  that  they  are  very  imperfectly  determined.  Tlie 
capacity  of  oxygen  gas  may,  in  Crawford’s  estimate,  be  too 
high,  and  of  course  we  are  led  into  error  in  inferring  the 
quantity  which  must  remain  in  its  compounds  from  the 
quantity  liberated  in  their  formation  by  its  combination. 

JBut  farther,  in  estimating  the  quantity  of  caloric  li- 
berated in  combinations  of  the  gases,  or  absorbed  in  their 
evolution,  there  is  a source  of  deception  in  the  quanti- 
ties of  the  bodies  concerned.  When  two  gases  combine, 
we  imagine,  from  the  large  capacities  of  gases,  that  a large 
quantity  of  caloric  should  be  evolved.  But  the  quantities 
of  caloric  they  contain  are  estimated,  not  by  their  volumes, 
but  by  their  weights  ; and  though  the  volume  of  the  gases 
combining  may  be  large,  the  quantity  of  matter  is  really 
small,  and  is  almost  nothing  compared  with  the  weight  of 
the  vessel  in  which  the  experiment  must  be  made.  Hence 
the  caloric  evolved  must  be  inconsiderable,  and  is  quick- 
ly diffused  through  the  contiguous  matter.  In  the  com- 
bination of  oxygen  and  nitrous  gases  forming  nitrous  acid, 
no  great  degree  of  heat  appears  to  be  produced.  But  the 
quantity  of  caloric  evolved  must  be  considerable,  when  it 
is  considered  that  the  quantity  of  gravitating  matter  in  the 
gases  is  small,  and  that  the  temperature  of  the  vessel  is 
raised  along  M'ith  that  of  the  new  compound,  so  as  to  be- 
come sensibly  warm : this  product  too,  (unless  water  be  ad- 
mitted, which  of  course  will  absorb  much  of  the  caloric 
evolved,)  remains  in  the  gaseous  state,  and  in  its  transition 
into  nitre  by  combination  with  potash,  an  additional  por- 
tion of  caloric  will  be  disengaged.  In  the  union  of  am- 
monia with  muriatic  acid,  each  in  the  state  of  gas,  the 
vessel  in  which  it  takes  place  becomes  sensibly,  though 
still  only  moderately  warm.  Yet,  as  is  justly  observed 
by  Dr  Higgins,  with  regard  to  this  very  experiment,  “ if 
a few  grains  of  the  gases  can  thus  heat  a vessel  of  this 
weight,  during  the  union  of  their  bases,  it  can  be  proved, 
that  the  liberated  caloric  was  in  quantity  sufficient  to  mniq- 
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tain  a vaporous  state  of  the  salt  thus  formed,  or  to  make  it 
almost  red  hot  *.'*  In  the  opposite  case  of  an  evolution  of 
heat,  we  are  deceived  in  the  same  way.  In  the  evolution 
of  hydrogen  gas,  it  is  supposed  that  there  should  be  a con- 
siderable reduction  of  temperature,  from  the  largo  quan- 
tity of  caloric  which  the  hydrogen  gas  requires ; but  the 
weight  of  the  hydrogen  evolved  is  inconsiderable,  compa- 
red with  that  of  the  materials  from  which  it  is  disengaged, 
and  the  caloric,  the  abstraction  ot  which  reduces  their 
temperature  one  degree,  may,  fi  om  this  cause,  contribute 
to  the  elevation  of  this  quantity  of  hydrogen  a number  of 
degrees. 

It  has  been  shewn,  by  actual  experiment,  that  where  a 
gas  is  evolved  in  consequence  of  the  chemical  action  ot 
substances  on  each  other,  less  caloric  is  rendered  sensible 
than  where  the  same  action  happens  without  the  disen- 
n-an-ement  of  the  iras.  Thus,  Lavoisier  found,  that  in  add- 
ing  an  acid  to  a pure  alkaline  solution,  a considerable 
degree  of  heat  is  produced  from  the  combination  ; while, 
in  adding  the  same  acid  to  the  solution  of  the  alkali  com- 
bined with  carbonic  acid,  there  is  a production  of  cold  *, 
the  carbonic  acid  gas  evolved  absorbing  a large  quantity 
of  caloric,  which  would  otherwise  have  been  rendered  sen- 
sible f. 

From  these  considerations,  it  must  appear,  that  until 
wc  have  more  accurate  methods  of  ascertaining  the  capa- 
cities of  bodies,  and  the  changes  of  temperature  to  which 
alterations  in  their  form  or  mode  of  existence  give  rise,  we 
can  draw  no  strict  conclusion  from  facts  such  as  those  that 
have  been  stated  against  the  principle,  that  caloric  is  con- 
tained in  bodies  in  proportion  to  their  capacities;  nor  any 
argument  in  favour  of  the  hypothesis,  that  it  exists  in  bo- 
dies in  a combined  state.  We  never  observe,  as  Dr  Ir- 
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vine  junior  justly  remarked,  that  caloric  enters  a body 
without  raising  its  temperature  proportional  to  the  quanti- 
ty that  is  communicated,  unless  there  be,  at  the  same  time, 
a change  of  capacity  ; which  change  we  can  ascertain  by 
experiment.  Yet  why  should  caloric,  if  it  is  capable  of 
entering  into  intimate  combination  with  bodies,  not  do  so 
at  parts  of  the  scale  of  temperature  at  which  we  can  make 
our  experiments,  as  well  as  at  parts  of  that  scale  which  are 
removed  from  us,  and  where  no  direct  experiment  can  be 
made?  This  consideration  is  probably  sufficient  to  prove, 
that  the  supposition,  that  such  combinations  take  place  at 
these  low  temperatures,  derives  support  only  from  the  dif- 
culty  and  obscurity  in  which  the  subject  is  involved. 

The  theory  of  Irvine,  which  regards  caloric  as  thus  ex- 
isting in  bodies  in  one  state,  is  eminently  distinguished  by 
its  simplicity,  compared  with  the  other.  It  embraces 
merely  one  principle, — that  caloric,  whether  it  is  a mate- 
rial asrent  or  a force,  is  distributed  in  all  bodies,  at  all  tern- 
peratures,  according  to  their  respective  capacities ; and 
that  every  change  of  temperature  not  produced  by  the  di- 
rect communication  of  heat,  arises  from  a change  in  the 
capacities  of  the  bodies,  from  the  action  of  which  the  va- 
riation has  been  produced.  Under  this  principle,  esta- 
blished to  a great  extent  by  experiment,  as  an  ultimate 
fact,  all  the  phenomena  of  temperature  are  arranged. 
Should  even  difficulties  exist  with  regard  to  these,  the  hy- 
pothesis of  combined  caloric  can  scarcely  be  inferred  from 
them,  and  it  is  supported  by  no  independent  proof.  The 
materiality  even  of  this  power  is  doubtful ; its  agency,  so 
far  as  it  can  be  traced,  is  that  of  producing  repulsion  ; it 
counteracts  the  attraction  of  cohesion,  and  there  is  little 
probability  in  the  assumption,  that  it  shall  be  liable  to  che- 
mical attraction,  and  enter  with  bodies  into  intimate  com- 
bination, so  as  to  lose  its  characteristic  properties.  The 
agency  and  relations  of  a power  so  peculiar,  exclude  in- 
deed all  analogies  from  ponderable  substances,  and  its  laws 
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must  rest  on  direct  evidence  alone,  or  the  extension  of  a- 
iialo-ries  which  that  evidence  affords. 

From  the  diversity  of  opinions  which  have  prevailed 
among  chemists  respecting  the  states  in  which  caloric  ex- 
ists in  bodies,  several  forms  of  expression  have  been  intro- 
duced, which  may  be  explained  in  this  place. 

i'ree  Caloric  is  caloric  in  that  state  in  which  it  expands 
bodies,  and,  accumulated  to  a certain  extent,  produces  the 
sensation  of  heat.  It  is  synonymous  with  the  sensible  heat 
of  Dr  Black,  and  with  the  caloric  of  teinperature  of  some 
other  chemists. 

Specif c Caloric  expresses  the  relative  quantities  of  caloric 
contained  in  equal  weights  of  different  bodies  at  the  same 
temperature,  or  the  quantity  of  caloric  peculiar  to  any 
body.  Thus  we  say  that  the  specific  caloric  of  water  is  to 
that  of  mercury  as  28  to  1.  The  term  is  synonymous  with 
the  Comparative  Heat  of  Dr  Crawford.  Others  have  used 
the  phrase  Relative  Heat  in  a similar  sense.  Wilcke 
employed  this  term  Relative  Heat  to  denote  the  specific  ca- 
loric of  a body  when  estimated,  not  by  the  weight,  but  by 
the  volume. 

The  disposition  or  property  by  which  bodies  contain 
certain  quantities  of  caloric  at  any  temperature,  is  named 
their  Capacitij  for  co?iiai)img  caloric.  The  term  is  used  in 
a comparative  sense  ; as  when  the  capacity  of  any  body, 
that  of  mercury,  for  example,  is  said  to  be  so  much,  com- 
pared with  that  of  another,  as  of  water.  Hence  the  phrase 
can  generally  be  substituted  for  that  of  specific  caloric,  the 
cause  being  placed  for  its  effect.  The  specific  caloric  is 
the  quantity  contained  in  any  body,  the  capacity  the  pro- 
perty by  which  that  quantity  is  contained  ; they  must  there- 
fore be  proportional. 

Latent  caloric^  or  Latent  Heat,  is  the  expression  used 
to  denote  that  quantity  of  caloric  absorbed  when  a body 
changes  its  form.  The  expression  is  perhaps  unnecessary, 
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the  quantity  of  caloric  which  the  body  contains  in  its  new 
state  being  a portion  of  its  specific  caloric,  but  it  may  be 
retained  to  denote  the  fact. 

Combined  Caloric  is  that  portion  of  caloric  supposed  to 
be  contained  in  any  body  chemically  combined.  I have 
already  observed,  that  it  is  very  doubtful  whether  calorie 
exists  in  such  a state. 

The  Absolute  Heat  of  Dr  Crawford  denotes  the  whole 
quantity  of  caloric  which  any  body  contains.  It  is  ex- 
pressed in  the  modern  chemical  language,  by  saying  the 
absolute  quantity  of  caloric  contained  in  bodies. 


Sect.  VII — Of  the  Nature  of  Caloirc. 

I 

I 

The  nature  of  that  power  which  we  denominate  Heat, 
has  long  been  a subject  of  discussion,  and  the  question  is 
not  determined  for  although  the  greater  number  of  mo- 
dern chemists  have  inclined  to  the  opinion  that  it  is  a pe- 
culiar substance  of  great  subtilty,  sprne  have  maintained 
the  hypothesis,  that  the  phenomena  which  it  exhibits  do  i 
not  depend  on  a material  agent,  but  arise  from  some  state, 
probably  a vibration  of  tl>eir  particles,  which  bodies  can 
assume.  Bacon  appears  to  have  suggested  this  hypothe- 
sis j finding,  from  a copious  induction  of  facts,  that  the 
causes  which  give  rise  to  increased  temperature,  and  its 
effects,  are  in  general  such  as  excite  motion  among  the 
particles  of  bodies,  and  that  causes  producing  sucli  motion 
are  generally  followed  by  rise  of  temperature,  he  conclud- 
ed, that  heat  arises  from  violent  motion  in  the  internal 
parts  of  bodies.”  In  pointing  out  the  nature  of  this  mo- 
tion, he  adds,  that  it  is  an  expansive  one,  tending  to  di- 
late the  body  in  which  it  happens ; its  tendency  is  also  to 
rise  upwards ; that  though  the  smaller  particles  dilate  them- 
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selves,  this  motion  is  restrained,  so  that  it  becomes  con- 
stantly alternating,  or  vibration  performed  with  rapidity 
among  the  minute  particles  ; — in  his  own  words,  “ Calor 
est  motus  expansivus,  cohibitus  ct  nitens  per  partes  mi- 
nores  This  notion  with  regard  to  the  nature  of  caloric 
was  adopted  by  Boyle  and  Newton.  The  other  opinion, 
liowever,  continued  to  be  more  generally  embraced.  It 
considers  caloric  as  a subtle  elastic  fluid,  with  which  all  bo- 
dies are  penetrated.  Homberg,  Lemcry,  Boerhaave,  and  • 
the  greater  number  of  chemists  supported  it,  and  though 
confessedly  hypothetical,  it  seemed  so  probable,  and  ex- 
plained the  phenomena  so  satisfactorily,  that  it  came  to 
be  generally  received. 

Its  justness  has  however  been  called  in  question,  and  I 
may  review  briefly  the  arguments  by  which  these  different 
opinions  are  supported. 

In  favour  of  the  existence  of  caloric  as  matter,  it  may 
be  stated,  that  such  a supposition  appears  to  accord  with 
the  phenomena  of  temperature,  its  changes,  and  the  ef- 
fects these  produce  upon  bodies  with  respect  to  expansion 
and  change  of  form.  If  a body  is  increased  in  volume, 
it  is  natural  to  imagine,  that  some  other  matter,  some  sub- 
tle fluid,  has  been  introduced  into  it,  which  has  separated 
its  particles,  and  the  accumulation  of  this,  by  augmenting 
the  expansion,  may  at  length  place  them  at  such  distances 
as  to  produce  the  fluid  or  aeriform  state.  Since  tempera- 
ture can  be  communicated  from  one  body  to  another,  it  is 
natural  to  refer  the  distribution  to  the  communication  of 
this  subtle  matter.  And  if  difterent  bodies  have  their  tem- 
peratures unequally  raised  by  equal  communications  of 
this  power,  the  phenomenon  may  be  explained  by  the  sup- 
position of  difference  in  density,  or  of  affinity  between  the 
power  itself  and  the  matter  to  which  it  has  been  commu- 
nicated. So  far  the  effects  produced  by  caloric  and  its  re- 
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lations  to  matter  in  general  seemed  to  be  explained  on  the 
supposition  that  it  is  a peculiar  fluid,  the  particles  of  which 
are  mutually  repellent. 

There  is  only  one  phenomenon,  the  explanation  of  which 
is  not  so  obvious,  and  which  has  been  supposed  to  afford 
reason  to  doubt  of  the  materiality  of  caloric.  It  is  the 
production  of  heat  by  friction  or  percussion.  Examples  . 
of  this  are  familiar.  If  a rod  of  ii’on  be  beat  upon  an  an- 
vil, it  becomes  hot,  and  if  the  hammering  be  continued,  its 
temperature  rises  to  ignition.  A rope  rapidly  revolved 
round  a solid  body  will  be  so  much  heated,  that  it  will 
catch  fire;  or  the  friction  of  two  pieces  of  hard  w'ood 
against  each  other  will  heat  them  so  as  to  kindle  them. 
The  spark  struck  from  a flint  and  steel  is  an  example  of 
tlie  same  kind. 

In  these  cases  it  was  supposed,  that  the  caloric  contain- 
ed in  the  body  is  expelled  by  the  repeated  impulse  arising 
from  the  friction  or  percussion  forcing  the  particles  nearer 
to  each  other.  Some  chemists,  however,  from  the  quan- 
tity disengaged,  and  the  circumstances  connected  with  its 
production,  have  endeavoured  to  shew  that  the  explana- 
tion is  insufficient,  and  have  adopted  the  opinion  of  Bacon 
on  the  nature  of  caloric. 

Rumford  had  observed,  that  in  the  boring  of  cannon, 
much  heat  is  rendered  sensible.  To  ascertain  the  quan- 
tity he  fixed  a solid  cylinder  of  brass  in  a trough  filled  wdth 
tvater,  and  having  adapted  the  borer  to  it  connected  w'ith 
the  machinery  by  w’hich  it  is  turned,  it  was  made  to  re- 
volve at  the  rate  of  32  times  in  a minute.  In  an  hour 
the  temperature  had  risen  from  60®  to  107°,  and  in  two 
hours  and  a half  the  water  was  brought  to  boil,  the  quan- 
tity being  18  lbs.,  and  the  apparatus  itself,  which  was  rais- 
ed to  the  same  temperature,  weighing  15  lbs.  The  extri- 
cation of  this  caloric,  he  endeavoured  to  shew,  could  not 
arise  from  a diminution  of  capacity,  since  the  capacity  of 
the  borings  of  the  metal  he  found  to  be  the  same  as  that 
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of  the  solid  inetiil.  The  circumstances  of  the  experiment 
proved,  that  the  air  has  no  share  in  the  production  of  the 
heat,  since  its  access  was  prevented  by  the  water  surround- 
ing the  apparatus ; neither  does  the  water  contribute  to  it 
by  any  chemical  agency,  since  it  undergoes  no  change; 
and,  lastly,  the  caloric  could  not  have  been  communicated 
by  the  surrounding  bodies,  since  they  were  rather  receiv- 
ing it  from  the  matter  subjected  to  friction.  He  conclud- 
ed, therefore,  that  any  thing  which  any  insulated  body  or 
system  of  bodies  can  furnish  without  limitation  “ cannot 
possibly  be  a material  substance ; and  that  it  is  extremely 
difficult,  if  not  quite  impossible,  to  form  any  distinct  idea 
of  any  thing  capable  of  being  excited  and  communicated 
in  the  manner  the  heat  was  excited  and  communicated  in 
these  experiments,  except  it  be  motion 

Some  experiments  of  a similar  nature  had  previously 
been  made  by  Pictet,  which  prove,  in  particular,  that  the 
caloric  excited  by  friction  is  not  produced  by  any  agency 
of  the  surrounding  air;  since,  by  introducing  machinery 
capable  of  producing  friction  into  the  exhausted  receiver 
of  the  air-pump,  and  working  it,  heat  was  produced.  This 
indeed  had  been  established  by  Boyle,  by  causing  two  pie- 
ces of  brass  to  rub  against  each  other  in  an  exhausted  re- 
ceiver, a sensible  degree  of  heat  being  soon  excited  f.  Pic- 
tet, in  his  experiments,  found  the  heat  to  be  increased  by 
interposing  some  soft  substance,  as  cotton,  between  the 
surfaces  subjected  to  friction  : the  excitation  appeared  also 
to  be  connected  with  some  electrical  phenomena,  whence 
he  supposed  electricity  to  be  concerned  in  its  production 
Davy  had  reported  some  experiments,  from  which  he  drew 
similar  conclusions.  By  exciting  friction,  he  found  heat 
produced,  although  the  apparatus,  as  he  conceived,  was  in- 
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sulated  by  being  placed  on  ice  in  vacuo  ; and  by  exciting 
it  between  two  pieces  *of  ice  itself,  he  found  so  much  evol- 
ved as  to  melt  it.  In  this  case  the  evolution  of  caloric  could 
not  be  ascribed,  it  was  supposed,  to  a diminution  of  capa- 
city, since  the  water  into  which  the  ice  was  converted  has 
even  a greater  capacity  for  caloric  ; nor  could  it  arise  from 
any  chemical  action  of  the  atmospheric  air,  since  ice  is 
not  acted  on  by  this  air,  or  by  any  of  its  principles : In 
other  experiments,  too,  heat  was  produced  when  the  fric- 
tion was  excited  in  vacuo 

The  question,  with  regard  to  the  nature  of  caloric,  pro- 
bably does  not  admit,  in  the  present  state  of  our  know- 
ledge, of  being  satisfactorily  solved.  I can  only  offer  a 
few  observations  on  those  facts  and  arguments  which  have 
a relation  to  it. 

That  the  opinion  which  supposes  it  to  be  matter,  af- 
fords a satisfactory  explanation  of  the  greater  number  of 
the  phenomena  arising  from  that  power,  can  scarcely  per- 
haps be  denied.  On  the  assumption  of  the  existence  of  a 
subtle  fluid,  whose  particles  are  mutually  repellent,  the  ex- 
pansion of  bodies,  their  fusion,  and  vaporisation,  may  be 
conceived  to  arise  from  its  introduction.  It  is  aho  apriori 
sufficiently  probable,  that  this  fluid  may  have  different  re- 
lations to  different  bodies,  and  that  from  these  differences 
it  will  produce  upon  them  unequal  effects  : it  may  be  pro- 
pagated through  them  with  different  degrees  of  celerity, 
be  contained  in  them  in  a given  state  in  different  quanti- 
ties, and  produce  in  them  different  degrees  of  expansion 
and  of  resistance  to  cohesive  attraction. 

The  opposite  opinion,  that  caloric  is  motion,  consider- 
ing it  also  as  an  hypothesis,  docs  not  afford  an  explana- 
tion of  these  phenomena  equally  satisfactory.  The  most 
general  effect  of  heat  is  expansion  ; but  if  heat  is  mere  mo- 
tion or  vibration  of  the  particles  of  the  heated  body,  how 
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is  this  eifecl  produced  ? Vibration  is  the  alternate  approxi- 
mation and  retrocession  of  tlie  particles  ^ but  fiom  tins 
state  it  is  not  evident,  how  permanent  and  uniform  increase 
of  volume  can  take  place.  Still  less  can  this  cause  account 
for  the  great  augmentation  of  volume  which  accompanies 
fluidity  and  especially  vaporisation.  Ihe  laws  of  the  pro- 
pagation of  heat  through  bodies  are  likewise  different  from 
the  established  laws  of  motion.  Were  they  the  same,  the 
propagation  ought  to  be  momentary  through  elastic  bo- 
dies, and  should  be  more  or  less  rapid  through  others,  ac- 
cording to  their  elasticity,  which  is  far  from  being  the  case. 
Neither  is  any  cause  pointeVl  out  why  it  should  be  so  slow- 
ly transmitted  through  liquids  or  airs.  We  are  equally 
unable  to  account  satisfactorily  for  its  distribution  in  bo- 
dies, and  the  quantities  of  it  required  to  produce  given 
temperatures  in  different  substances,  or  the*portions  of  it 
absorbed  when  bodies  change  their  forms,  on  any  laws  it 
could  observe,  supposing  it  to  be  any  species  of  motion. 

So  far  the  one  opinion  is  preferable  to  the  other  ; it  re- 
mains only  to  inquire  whether  any  proof  can  be  given  of 
the  materiality  of  caloric. 

The  communication  of  temperature  through  a vacuum 
lias  been  regarded  as  such  a proof.  This  fact  was  ascer- 
tained by  Pictet,  who  found,  that  a thermometer  indicated 
increase  and  diminution  of  temperature,  when  suspended 
in  an  exhausted  receiver  ; and  Rumford  affirmed,  that  this 
liappens  when  the  thermometer  is  suspended  even  in  the 
Torricellian  vacuum.  It  is  true,  that  even  in  the  Torri- 
cellian vacuum,  there  is  reason  to  believe  a very  subtle  va- 
pour is  present,  arising  from  the  vaporisation  of  the  mer- 
cury from  the  absence  of  pressure.  But  admitting  this, 
the  rarity  of  this  vapour  must  be  such,  that  it  cannot,  it  has 
been  supposed,  be  capable  of  transmitting  vibrations  so  as 
to  raise  the  temperature  in  a short  time. 

The  radiation  of  caloric  appears  to  be  a proof  still  less 
ccjuivocal  of  its  materiality.  A matter  is  thrown  from  heat- 
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1 ed  bodies,  which  moves  in  riaht  lines  with  velocity)  is  ca- 
pable  of  reflection  and  condensation,  raises  the  tempera- 
ture of  any  body  on  which  it  falls,  and  which  in  every  state 
preserves  the  properties  of  caloric.  The  existence  of  ca- 
lorific rays  in  the  rays  of  the  sun,  apart  from  visible  light, 
though  comprehended  perhaps  under  the  same  fact,  adds 
to  the  proof,  that  a peculiar  matter  exists,  possessed  of  the 
properties  of  caloric,  and  distinct  from  every  other. 

The  materiality  of  caloric  appears  so  far  to  be  establish- 
ed, or  at  least  rendered  probable,  and  there  remains  only 
the  difficulty  of  explaining  the  phenomenon,  from  which 
the  opposite  hypothesis  has  been  deduced, — the  produc- 
tion of  heat  by  friction.  Several  explanations  have  been 
proposed.  Without  discussing  what  is  confessedly  hypo- 
thetical, I may  add  the  following. 

By  friction,  percussion,  or  any  other  mechanical  im- 
pulse, the  particles  of  bodies  must  be  thrown  into  vibra- 
tion or  a state  of  oscillation  ; they  must  alternately  ap- 
proach to  and  recede  from  each  other.  In  their  approach, 
part  of  the  caloric  interposed  between  their  particles  must 
be  forced  out,  and  in  the  corresponding  retrocession,  ca- 
loric must  be  absorbed.  Of  these  propositions  there  can 
be  no  doubt,  since  it  is  proved  by  experiment,  that  any 
compressible  elastic  body,  a gas  for  example,  subjected  to 
pressure,  gives  out  part  of  its  caloric ; and  that,  on  the 
contrary,  in  its  expansion  from  the  removal  of  pressure,  it 
abstracts  caloric  from  the  surrounding  bodies.  The  point 
then  to  be  determined  is.  Whence  is  the  caloric  derived, 
which  is  absorbed  by  the  body  in  a state  of  vibration,  and 
which  alternates  with  the  quantity  given  out?  If  it  were 
merely  the  quantity  given  out  in  the  approximation  of  the 
particles,  no  permanent  rise  of  temperature  could  take 
place.  But  if  any  other  source  can  be  pointed  out  wlience 
it  can  be  derived,  the  difficulty  will  be  removed. 

It  is  not  improbable,  I conceive,  that  the  part  of  the  body- 
under  friction,  and  giving  out  caloric  in  consequence  of  it, 
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nitiy  receive  caloric  from  the  portion  fit  restj  owing  to  the 
elasticity  of  that  agent,  or  its  tendency  to  exist  in  a state 
of  equilibrium.  In  the  retrocession  of  the  particles,  the 
layer  of  matter  in  the  state  of  vibration  may  rather  admit 
caloric  from  the  contiguous  layer,  and  ultimately  from  the 
rest  of  the  mass,  than  re-absorb  that  which  had  been  evol- 
ved in  the  preceding  approximation.  In  this  way  a cur- 
rent of  caloric  may  flow  tow'ards  the  vibrating  surface,  and 
a constant  evolution  of  it  be  kept  up.  1 he  possibility  of 
this  will  be  confirmed,  if  an  analogous  case  can  be  addu- 
ced in  which  this  law  is  observed;  and  this  seems  to  exist 
in  the  excitation  of  electricity  by  friction.  By  the  vibra- 
tion excited  by  the  friction  in  the  electric  body,  the  pecu- 
liar matter  which  gives  rise  to  the  phenomena  of  electrici- 
ty is  conceived  to  be  forced  out,  doubtless,  by  the  particles 
being  approximated  by  the  vibration.  Now  the  pheno- 
mena of  electricity  shew,  that  it  is  not  re- absorbed  in  the 
corresponding  retrocession  of  the  particles,  but  that  it 
forms  an  atmosphere  round  the  electric  body,  or  is  carried 
off  by  others,  while  a new  portion  is  received  from  the 
matter,  in  contact  with  the  electric  substance,  and  ulti- 
mately from  the  earth.  Thus  a perpetual  evolution  of  elec- 
tricity is  kept  up.  Caloric  may  follow  the  same  law,  though 
from  not  having  that  relation  w'hich  electricity  has  with 
regard  to  conducting  and  non  conducting  matter,  this  is 
not  so  easily  established  ; and  if  this  be  admitted,  the 
production  of  heat  from  friction  is  explained. 

Rumford  supposed,  that  the  body  under  friction  could 
not  receive  caloric  from  the  matter  in  contact  with  it,  be- 
cause it  was  constantly  giving  out  caloric  to  that  matter. 
But  in  this  there  is  nothing  contradictory  ; the  vibrating 
body  might  give  out  caloric,  which  would  be  diffused  in 
part  over  the  surrounding  matter,  and  might  still  receive 
from  it  caloric.  It  might  also  be  supposed,  that  the  tem- 
perature of  the  matter  giving  caloric  to  the  body  subjected 
to  friction  must  be  reduced  *,  but  neither  does  this  follow’, 
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US  the  progression  may  extend  through  the  whole  sub- 
stance, and  through  he  matter  in  contact  with  it,  and  the 
supply  be  sufficiently  rapid  to  prevent  any  reduction  of 
temperature,  independent  even  of  the  quantity  which  it 
again  received  from  the  body  itself,  and  by  which  its  tem-^ 
perature  will  be  raised. 

The  evolution  of  caloric  from  this  cause  is  no  doubt 
connected  with  diminution  of  capacity.  But  this  is  mere- 
ly momentary,  though  constantly  renewed.  The  experi- 
ment, therefore,  of  Ilumford,  by  which  he  endeavoured  to 
shew  that  the  evolution  of  caloric  from  friction  cannot  be 
ascribed  to  diminution  of  capacity,  is  not  adverse  to  this 
opinion,  and  indeed  in  any  point  of  view  is  of  no  weight; 
for  the  capacity  of  the  matter  evolving  the  caloric  was  not 
ascertained  while  it  was  in  the  state  of  vibration,  but  after 
this  had  ceased,  when  of  course  it  had  returned  to  its  usual 
state,  and  when  this  had  even  been  accelerated  and  ren- 
dered more  certain,  by  the  metallic  filings  which  were  sub- 
jected to  trial  having  been  heated  in  the  progress  of  the 
experiment  by  which  their  capacity  was  ascertained. 

It  is  lastly  to  be  remarked,  that  the  difficulty  may  not 
be  so  great  as  at  first  it  appears,  nor  the  quantity  of  calo- 
ric produced  by  the  friction  so  considerable,  compared 
with  the  condensation  which  the  friction  must  occasion.  Ber- 
thollet,  who  has  given  an  explanation  somewhat  similar  to 
that  which  I have  delivered,  has  justly  observed,  that  a 
large  quantity  of  caloric  is  requisite  to  produce  even  a 
small  augmentation  of  volume  in  a mass  of  solid  metal,  and 
that  of  course  a small  reduction  of  volume,  and  therefore 
an  approximation  of  the  particles  during  friction  far  from 
considerable,  may  evolve  a large  quantity  of  heat*.  In 
some  more  recent  experiments,  he  has  shewn,  that  the  pro- 
duction of  heat  by  percussion  is  owing  to  the  reduction  of 
volume  in  the  body  submitted  to  it.  He  subjected  pieces 
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of  different  metals,  gold,  silver,  copper  and  iron,  of  the 
same  size,  to  the  stroke  of  the  press  by  which  the  impres- 
sion is  made  on  coin,  and  ascertained  the  heat  produced 
by  immediately  throwing  the  piece  of  metal  into  water, 
having  previously  ascertained  by  experiment  the  relation 
existing  between  a certain  temperature  produced  in  the 
water,  and  the  temperature  of  the  metal  plunged  into  it, 
so  as  to  draw  the  conelusion  to  what  temperature  the  me- 
tal subjected  to  the  percussion  had  been  raised.  He  esta- 
blished in  this  way  the  important  fact,  that  the  production 
' of  heat  by  percussion  is  limited : at  the  first  stroke,  the 
greatest  degree  of  heat  was  produced,  at  the  second,  less 
heat  was  evolved,  and  at  the  third,  still  less,  as  will  appear 
from  the  following  numbers,  expressing  the  degrees  of  heat 
of  the  centigrade  scale  produced  in  two  pieces  of  copper 
submitted  to  this  operation. 

First  stroke,  First  piece,  9.69  Second  piece,  11.56 

Second  stroke.  First  piece,  4.06  Second  piece,  2.5 

Third  stroke.  First  piece,  1 .06  Second  piece,  0.81 

Here,  though  the  quantities  differed  a little  from  the  dif- 
ficulty of  rendering  the  stroke  of  the  engine  uniform,  there 
is  in  both  a progressive  diminution  in  the  heat  produced, 
and  from  both,  on  the  w'hole,  the  same  quantity  of  heat 
nearly  is  evolved,  being  from  the  one  14.81,  from  the  other 
14.87.  The  other  metals  gave  similar  results,  affording 
only  different  degrees  of  heat.  Thus,  from  two  pieces  of 
silver,  the  elevations  of  temperature,  expressed  in  degrees 
of  the  centigrade  scale,  were  as  follow  : 

First  stroke,  First  piece,  3.44  Second  piece,  4.56 

Second  stroke.  First  piece,  3.25  Second  piece,  1.19 

Third  stroke.  First  piece,  1.50  Second  piece,  1.12 
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After  the  third  stroke,  the  temperature  was  either  not 
raised,  or  was  raised  in  a much  lower  degree. 

Berthollet  farther  found,  that  the  production  of  heat  is 
accompanied  with  condensation  in  the  metal : the  specific 
gravity  of  the  copper,  before  it  was  struck,  was  8.8529, 
after  the  first  stroke  it  was  8.8898,  and  after  the  second,  . 
8.9081  : that  of  the  silver,  previous  to  being  struck,  was 
10.4667,  after  being  struck  it  was  10.4838.  The  differ- 
ent metals  too  gave  more  heat  as  they  suffered  a greater 
condensation,  copper  having  its  temperature  more  raised 
than  silver  or  gold,  and  its  density  being  more  increased 
by  the  operation.  The  conclusion  is  obvious  from  these 
facts,  that  the  heat  produced  by  percussion  is  owing  to  the 
condensation  produced.  It  was  also  ascertained  in  these 
experiments,  that  the  communication  of  temperature  from 
one  body  to  another  by  percussion  is  much  more  rapid 
than  it  is  by  mere  contact,  a fact  which  farther  contributes 
to  render  probable  the  preceding  explanation  of  the  mode 
of  evolution  of  caloric  by  friction  *. 

It  has  been  endeavoured  to  determine  the  question  with 
regard  to  the  materiality  of  caloric,  by  ascertaining  whether 
it  is  subject  to  gravitation,  or  has  weight.  It  is  difficult  to 
make  the  experiment  with  accuracy,  so  as  to  exclude  the 
operation  of  circumstances  which  influence  the  result,  and 
hence  some  of  the  earlier  experiments  on  this  subject,  those 
of  Bufibn,  for  example,  in  which  a body  appeared  to  in- 
crease in  weight  by  being  raised  to  a white  heat,  are  en- 
titled to  no  consideration ; and  those  of  Roebuck  and 
Whitehurst  f seem  scarcely  to  have  been  made  with  suf- 
ficient care.  Mr  Whitehurst  pointed  out  a principal  source 
of  fallacy  in  the  ascending  current  of  air  from  the  scale  in 
which  the  hot  body  is  placed,  and  the  consequent  tendency 
of  the  portion  of  air  beneath  the  scale,  to  restore  the  equili- 
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brium  of  pressure ; and  to  this  he  justly  ascribed  the  ap- 
parent diminution  of  weight  which  in  his  experiments  at- 
tended the  raising  a body  to  a red  heat.  The  contiguity, 
too,  of  the  hot  body  to  the  arm  of  the  balance,  must  in 
some  degree  heat  it,  and,  by  the  expansion  it  causes,  alter 
the  equilibrium. 

Dr  Fordyce  made  the  experiment  in  a more  unexcep- 
tionable manner,  by  attempting  to  weigh  not  sensible,  but 
latent  heat,  by  finding  whether  the  congelation  of  water, 
which  is  attended  with  an  evolution  of  such  heat,  be  at- 
tended with  any  alteration  in  the  absolute  gravity.  A glass 
globe  was  selected,  of  nearly  three  inches  diameter,  and 
about  1700  grains  of  water  being  put  into  it,  it  was  herme- 
tically sealed  ; it  weighed  exactly  21504-4-  gi'-j  its  tempera- 
ture being  brought  to  S2°,  by  having  been  put  into  a freez- 
ing mixture.  It  was  afrain  immersed  in  this  mixture  for 
20  minutes,  by  which  part  of  the  water  was  frozen  *,  and 
on  being  carefully  dried,  and  put  into  the  scale,  it  was 
found  to  have  gained  about  the  ^th  part  of  a grain.  T.his 
was  repeated  five  times  ; at  each  time  more  of  the  water 
was  frozen,  and  more  weight  gained.  When  the  whole 
was  frozen,  it  was  found  to  have  gained  of  a grain. 

But  the  temperature  of  the  globe  and  contained  ice,  by  ha- 
ving been  kept  in  the  freezing  mixture,  had  been  reduced 
to  12°  of  Fahrenheit.  On  allowing  it  to  rise  to  32®,  it  was 
i'ound  to  weigh  gr.  more  than  when  the  water  was  fluid. 
The  beam  he  employed  was  so  adjusted,  that  with  a w'eight 
of  between  'I  and  5 ounces  in  each  scale,  x^^yth  part  of  a 
urain  made  a difference  of  one  division  on  its  index.  The 

o 

air  of  the  room  was  37°  of  Fahrenheit*. 

By  this  experiment,  it  appears  that  water,  by  freezing, 
an  operation  in  which  it  evolves  caloric,  becomes  heavier, 
and  that  of  course  the  addition  of  caloric  to  a body  ren- 
ders it  lighter  ; which,  if  admitted,  appears  to  prove  that 
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caloric  counteracts  the  attraction  of  gravitation,  as  it  does 
that  of  contiguous  attraction  or  affinity.  The  experiment 
was  repeated  by  Morveau  and  Chaussier,  and  with  the  same 
result,  the  water  being  heavier  after  it  had  been  frozen  in 
glass  vessels  hermetically  sealed,  than  it  was  before.  1 on- 
tana,  however,  did  not  find  that  there  was  any  difference 
in  the  weight  of  ice  and  water,  the  balance  remaining  in 
perfect  equilibrium 

Lavoisier  introduced  into  a strong  glass  flask  a small 
capsule,  on  which  were  placed  six  grains  of  phosphorus. 
Having  closed  it  accurately,  he  weighed  it,  and  removing 
it,  kindled  the  phosphorus,  by  exposing  it  to  the  solar  rays, 
concentrated  by  a small  lens.  ^Vhen  the  vessel  had  be- 
come cold,  it  was  again  weighed,  and  not  the  smallest  dif- 
ference of  weight  could  be  discovered.  In  a second  ex- 
periment, he  put  a pound  of  water  into  a thin  glass  flask, 
which  he  sealed  hermetically,  and  then  weighed  with  the 
most  scrupulous  exactness,  in  a balance,  which,  when 
loaded  with  from  18  to  20  ounces,  vibrated  with  the  tenth 
of  a grain.  The  water  was  frozen,  and  the  vessel,  on  be- 
ing  dried  and  again  w'eighed,  was  found  to  be  the  same; 
no  difference  being  discoverable  whether  it  was  weighed 
with  the  included  matter  in  the  state  of  water  or  of  ice  f. 

Lastly,  the  experiment  was  made  by  Rumford.  He  took 
two  Florence  flasks  perfectly  alike,  and  putting  into  one  a 
quantity  of  distilled  water,  amounting  to  4-107.86  grains, 
he  put  into  the  other  the  same  weight  of  weak  spirit  of 
wine,  sealing  both  hermetically,  and  suspended  them  from 
the  arms  of  a very  sensible  balance,  so  as  to  be  in  exact 
equilibrium.  They  were  exposed  to  an  atmosphere  of  29° 
of  Fahrenheit  for  48  hours.  At  the  end  ot  that  time,  the 
water  in  the  flask  was  converted  into  ice,  the  arm  ot  the 
balance  to  which  it  was  attached  preponderated,  and  the 
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' increase  of  weight  which  it  appeared  to  have  gained  by  its 
freezing  was  found  by  what  was  necessary  to  restore  the 
equilibrium,  to  amount  to  ds  whole  weight  at  the 

beginning  of  the  experiment. 

The  result  appeared,  therefore,  to  correspond  with  the 
experiment  of  Fordyce.  Rumford,  however,  [found  rea- 
son to  conclude  that  he  had  been  deceived.  In  two  bot- 
tles, as 'nearly  alike  as  possible,  he  put  equal  weights  of 
water  and  quicksilver,  and  suspending  them  to  the  arms 
of  the  balance,  he  allowed  them  to  cool  SO  degrees,  but 
without  either  of  them  acquiring  or  losing  weight ; yet, 
from  the  respective  capacities  of  water  and  quicksilver,  the 
former  must  have  given  out  much  more  caloric  than  the 
other.  He  performed  again  the  first  experiment  with 
every  possible  precaution,  exposing  the  equal  bottles,  with 
water  and  spirit,  small  thermometers  being  included,  to  a 
cold  atmosphere  for  48  hours.  At  the  end  of  that  time 
the  two  bottles  were  in  the  most  perfect  equilibrium.  He 
repeated  the  experiment  several  times,  and  in  no  instance 
did  the  water  on  congealing  appear  either  to  gain  or  lose 
weight.  But  if  the  bottles  were  weighed  when  they  w'ere 
not  precisely  of  the  same  temperature,  they  would  frequent- 
ly appear  to  have  gained  or  lost,  either  from  the  vertical 
currents  which  they  caused  in  the  atmosphere  on  being 
heated  or  cooled  in  it,  or  from  unequal  quantities  of  mois- 
ture condensed  from  the  atmosphere  on  their  surface,  or 
from  these  causes  conjoined*. 

From  the  whole  of  the  experiments  on  this  subject,  it 
may  be  concluded,  that  if  caloric  be  subject  to  gravity,  its 
weight  cannot  be  ascertained  by  experiment.  It  is  obvious, 
that  this  does  not  afford  any  presumption  against  its  ex- 
istence as  a material  principle;  and  when  its  extreme sub- 
tilty,  demonstrated  by  the  facility  with  which  it  penetrates 


* Philosophical  Transactions,  1799,  p.  179. 
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i all  bodies,  is  considered,  we  cannot  expect  any  other  re- 
sult ; nor  would  these  experiments  have  been  worthy  the 
attention  bestowed  on  them,  had  it  not  been  tor  the  sin- 
gular appearances  which  were  at  first  obtained. 

In  reviewing  the  arguments  in  favour  of  the  materiality 
of  caloric,  it  will  probably  appear,  that  the  only  conclu- 
sive one  is  that  derived  from  its  radiation,  and  from  the 
existence  of  calorific  rays  in  the  solar  beam  ; and  with  re- 
gard to  these,  tliere  are  still  the  difficulties  of  how  far  ra- 
diant caloric  is  an  insulated  principle  distinct  from  the 
surrounding  medium,  how  far  the  solar  calorific  rays  are 
connected  with  light,  and  how  far  these  rays  and  the  heat- 
ing rays  discharged  in  bodies  at  an  elevated  temperature 
are  the  same.  Those  too  who  have  denied  the  materiality 
of  caloric  have  embarrassed  themselves  with  the  hypothe- 
sis of  Bacon,  that  the  heated  state  of  bodies  arises  from 
vibration  of  their  particles, — an  hypothesis  possessed  of 
no  advantage,  and  w hich  affords  no  adequate  explanation 
of  the  phenomena.  But  the  subject  need  not  be  consi- 
dered under  this  limited  view.  Caloric,  if  its  materiality 
is  not  admitted,  may  be  regarded  as  a general  force,  pro- 
ducing repulsion  ; and  were  it  not  for  the  facts  with  re- 
gard to  its  radiation,  this  view  would  perhaps  be  that  most 
conformable  to  our  present  knowledge  of  the  phenomena. 
And  when  w’e  consider  the  intimate  connection  of  this 
power  with  light,  the  connection  of  both  with  electricity, 
and  the  obscurity  which  exists  with  regard  to  the  nature 
of  all  these  agents,  we  shall  scarcely  venture  to  adopt  a 
decided  opinion  ; nor  can  w-e  regard  any  theory  which  can 
^t  present  be  advanced  as  perfectly  satisfactory. 
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Sect.  VIII. — Of  the  sources  of  Variations  of  Temperatw 

and  the  applications  of  these  to  Practical  Chemistry. 

The  conside*-ation  of  the  subjects  announced  in  the 
title  of  this  section  will  conclude  the  Chemical  History  of 
Caloric. 

As  the  tendency  of  this  power  is  to  diffuse  itself  over 
bodies  until  an  equilibrium  of  temperature  is  established, 
this  would  be  attained,  were  there  no  causes  to  counteract 
it,  and  the  temperature  of  the  globe  would  become  sta- 
tionary at  the  medium  between  the  temperatures  of  the 
substances  of  which  it  is  composed,  or  rather  the  tempera- 
ture would  have  been  always  uniform,  and  proportional 
to  the  quantity  of  caloric  assigned  to  the  earth. 

Such  an  uniformity  is,  however,  obviated  by  the  con- 
stant operation  of  various  causes ; and  no  where  do  we 
trace  more  perfect  arrangement  than  in  that  by  which  a 
certain  range  is  established,  admitting  a succession  of 
changes  adapted  to  those  operations  that  require  it ; but 
restraining  these  within  certain  limits,  so  that  extremes, 
cither  of  heat  or  cold,  are  counteracted,  and  are  prevent- 
ed from  spreading  over  the  globe. 

The  great  source  of  natural  heat  is  the  solar  rays.  These 
pass  through  the  atmosphere  without  much  effect,  and  it 
is  only  when  arrested  by  opaque  bodies  that  heat  is  exci- 
ted. As  every  part  of  the  earth’s  surface  is  not  equally 
and  at  all  times  exposed  to  the  action  of  the  solar  rays, 
inequality  of  temperature  giving  rise  to  variety  of  climate, 
and  change  of  season  must  be  produced.  The  extreme  of 
temperature,  however,  which  might  prevail,  and  accumu- 
late in  those  parts  of  the  globe  most  exposed  to  this  source 
of  heat,  is  counteracted  by  certain  general  causes  constant 
in  their  operation,  which  restrain  it  within  certain  limits. 
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1 The  atmosphere,  In  particular,  serves  this  important  pur- 
pose. When  the  earth  is  much  heated,  the  air  incum- 
bent on  it  receiving  caloric  is  expanded,  becomes  specifi- 
cally lighter,  and  ascends ; its  place  is  supplied  by  new 
portions  of  air  from  each  side,  which  in  their  turn  are 
lieated,  expanded,  and  rise.  An  ascending  current  is 
thus  established,  by  which  the  accumulation  of  heat  is 
prevented  where  it  is  already  abundant,  while  the  warmer 
air  must,  by  the  constant  succession,  be  propelled  to  cold- 
er climates,  and  in  its  course  gradually  parts  with  the  ca- 
loric it  had  received. 

This  is  the  simplest  view  of  the  agency  of  the  atmos- 
phere in  equalizing  temperature,  and  is  that  which  is  u- 
sually  delivered.  A more  minute  examination  of  the  sub- 
ject discovers  a more  refined  adjustment  in  the  relation  of 
solar  heat  to  the  temperature  of  the  earth. 

Wh  en  the  air  heated  at  the  surface  ascends  in  the  at- 
mosphere, it  becomes  subject  to  less  pressure  as  it  ascends, 
and  its  rarefaction  is  therefore  further  increased.  That 
rarefaction  is  accompanied  with  an  increase  in  its  capacity»^ 
lor  heat ; hence  its  temperature  falls  progressively  without 
caloric  being  abstracted  from  it.  It  thus  continues  to  as- 
cend, and  to  fall  in  temperature,  until  it  reach  a height, 
when  its  density  and  temperature  are  the  same  with  the 
air  around.  Its  ascent  then  ceases,  and  at  the  same  time 
it  can  communicate  no  portion  of  its  heat  to  the  air  be- 
yond this  ■,  for  the  communication  of  heat  depends  on  dif- 
ference of  temperature,  which  here  does  not  exist.  There 
can  therefore  be  no  conveyance  of  heat  into  the  interpla- 
netary space,  by  the  medium  of  the  atmosphere,  and  the 
air  retains  nearly  the  whole  heat  it  had  received  at  the 
surface.  This  ascent  of  heated  air  takes  place  principally 
from  the  hotter  parts  of  the  earth’s  surface,  that  is,  towards 
the  equator.  To  restore  the  equilibrium,  the  surround- 
ing air  must  necessarily  press  in  ; a current  is  thus  deter- 
niined  at  the  surface  from  the  poles,  which  interrupted  as 
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it  may  be  by  local  causes,  must  still  constantly  operate : 
To  supply  this  an  opposite  current  must  take  place  in  the 
higher  part  of  the  atmosphere  from  the  equator,  descend- 
ing to  the  poles.  This  air  as  it  descends  becomes  subject 
to  greater  pressure,  whence  it  is  condensed  ; its  condensa- 
tion is  accompanied  with  a proportional  diminution  of  its 
capacity  for  heat,  and  it  thus  gives  out  the  excess  of  ca- 
loric it  had  formerly  received,  and  which  from  its  enlarged 
capacity  it  had  retained. 

By  this  arrangement  the  extremes  of  temperature  at 
the  surface  of  the  globe  are  moderated.  There  is  a con- 
stant abstraction  of  heat  from  the  equatorial  regions  w-here 
it  would  otherwise  accumulate,  and  a constant  transfer  of 
it  to  the  polar  circles  where  it  is  deficient;  and  the  greater 
the  direct  communication  of  heat  is  to  the  former,  the 
more  rapid  is  the  transfer  of  it  by  the  medium  of  the  at- 
mosphere to  the  latter.  And  this  law  operates  with  aug- 
mented energy,  according  to  the  difference  of  temperature, 
over  the  whole  intervening  space. 

It  seems  to  follow,  in  consequence  of  this,  that  the 
temperature  must  rise  towards  the  poles.  Heat  is  con- 
stantly communicated  there  without  any  equivalent  ab- 
straction : of  this  heat  a portion  must  be  conveyed  to  the 
interior,  but  this  must  always  be  w'ith  a decreasing  tempe- 
rature, that  is,  the  first  or  exterior  layer  will  be  at  a high- 
er temperature  than  the  second,  the  second  than  the  third; 
the  accumulation,  therefore,  w’ill  be  at  the  surface  to  a cer- 
tain extent,  and  a progressive  augmentation  take  place. 

Hence  also  the  mean  temperature  of  the  earth  must 
have  risen,  and  must  continue  to  rise.  This  may  be  in- 
ferred from  the  constant  communication  of  solar  heat, 
and  from  the  consideration  that  this  is  only  in  part  dis- 
charged. The  atmosphere,  it  appears,  conveys  no  caloric 
by  direct  communication  beyond  a certain  height  *,  and 
what  it  abstracts  from  the  hotter,  it  communicates  to  the 
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colder  parts  of  the  earth’s  surface.  The  only  portion  of 
heat  discharged  is  by  radiation  ; but  this  is  dependent 
chiefly  on  an  elevated  temperature,  and  must  take  place 
therefore  principally  from  those  parts  where  such  a tem- 
perature prevails.  Of  the  heat  communicated,  however,  to« 
these  parts,  a portion  only  is  discharged  by  radiation,  an- 
other portion  being  constantly  abstracted  by  the  atmos- 
phere, and  conveyed  to  distant  parts  at  a lower  tempera- 
ture, where  radiation  must  be  comparatively  inconsidera- 
ble. Hence,  of  the  heat  communicated,  part  is  retained, 
and  of  course  the  mean  temperature  of  the  earth  must 
rise. 

With  this  rise  there  is  a tendency  to  equalization  of 
temperature  over  the  surface  of  the  earth.  There  is  a con- 
stant transfer  of  heat  from  the  equator  to  the  poles ; the 
temperature  at  the  latter  must  rise  slowly,  since  there  is 
not  equivalent  abstraction  ; the  temperature  at  the  former 
can  suffer  little  augmentation,  for  if  it  did,  the  discharge 
of  heat  by  radiation,  and  the  abstraction  of  it  by  the  at- 
mosphere would  be  proportionally  increased.  In  all  the 
portions  of  the  intermediate  space  between  the  poles  and 
the  equator,  the  same  law  will  operate,  though  with  de- 
creasing force  ; and  thus,  over  the  whole  surface,  there  is 
a tendency  to  equality  of  temperature,  which,  as  the  result 
of  general  causes,  constant  in  their  operation,  will  finally 
be  established. 

Lastly,  there  are  limits  within  which  the  progression 
must  be  restrained.  The  temperature  may  continue  to  rise 
until  it  is  so  far  augmented  at  the  surface  that  the  quanti- 
ty of  caloric  discharged  by  radiation  will  be  equal  to  the 
quantity  received  by  the  solar  rays;  and  beyond  this  it 
cannot  proceed.  How  far  this  stationary  temperature  may 
be  from  that  which  at  present  exists,  may  not  be  easily  de- 
termined. But  if  the  increase  of  heat  be  accompanied 
with  its  more  equal  diffusion,  it  may  not,  as  I have  re- 
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marked  in  the  illustration  of  this  view  “ proceed  much 
beyond  that  which  now  prevails  at  the  hotter  parts  of  the 
earth;  for  at  this,  when  extended  over  the  whole,  the  quan- 
tity of  caloric  radiated  maybe  equal  to  that  received  ; and 
even  if  it  were  to  rise  higher  than  this,  still,  from  gradual 
changes  in  the  laws  of  organized  matter,  or  in  the  species 
of  living  beings,  not  greater  than  what  seem  to  have  oc- 
curred in  the  past  revolutions  of  the  globe,  the  existing 
temperature  might  be  sufficiently  compatible  with  the  con- 
tinuance of  animated  existence,  and  with  an  order  not  very 
dilferent  from  that  which  now  prevails.”  There  is,  there- 
fore, no  ground,  on  the  one  hand,  for  the  speculation,  which 
some  have  advanced,  of  indefinite  refrigeration ; nor,  on 
the  other,  for  that  of  unlimited  increase,  in  the  tempera- 
ture of  the  globe;  “ but  the  final  result  must  be  a state  of 
permanence  and  uniformity,  the  continuance  of  which  is 
secured,  by  the  very  circumstance,  that  if  it  is  deviated  from 
the  deviation  must  check  itself.” 

The  agency  of  water  is  likewise  of  considerable  impor- 
tance in  relation  to  the  temperature  of  the  globe.  It  not 
only,  by  its  mobility,  diffuses  and  equalises  heat  by  the 
medium  of  the  ocean,  but  by  its  changes  of  form  introduces 
other  modifications.  In  passing  into  vapour  from  heat, 
it  absorbs  caloric  without  increasing  in  temperature : this 
vapour  ascends  in  the  atmosphere ; when  the  heat  dimi- 
nishes, or  when  wafted  to  colder  regions,  it  is  condensed, 
and  gives  out  the  caloric  it  had  absorbed.  In  seasons  or 
situations  where  the  cold  becomes  still  more  intense,  wa- 
ter is  congealed  ; and  in  suffering  this  change  it  evolves 
caloric,  to  moderate  the  progressive  reduction  of  tempera- 
ture. AVhen  warmth  is  restored,  it  returns  to  the  liquid 
state,  absorbs  caloric,  and  retards  the  approaching  heat. 
The  transition  of  seasons  is  thus  moderated  ; sudden  and 


* Transactions  of  the  Royal  Society  of  Edinburgh,  vol.vii, 
p,  430. 
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extreme  variations  are  guarded  against,  and  tlie  tempera- 
ture of  the  globe  every  where  preserved  more  uniform. 

T-he  range  of  natural  temperature  is  comparatively  mo- 
derate. The  mean  temperature  is  probably  every  where 
the  same  at  a depth  sufficient  to  exclude  completely  the 
influence  of  the  variations  of  atmospheric  temperature; 
but  even  at  a considerable  depth  it  differs  considerably  in 
different  countries,  as  is  shown  most  easily  in  the  tem- 
perature of  springs.  The  solar  rays  being  the  great  source 
of  heat,  the  difference  depends  of  course  principally  on  la- 
titude, though  it  is  also  influenced  by  elevation,  and  by 
distance  from  the  sea.  The  average  annual  heat  increases 
from  the  poles  to  the  equator ; in  the  torrid  zone  it  is  from 
75"  to  80°,  in  moderate  climates  50°  or  52°,  and  towards 
the  polar  regions  36°.  The  extremes  over  the  whole  globe 
at  the  surface  extend  from  a few  degrees  above  100°  of 
Fahrenheit  to  50°  below  the  zero  or  commencement  of  the 
same  scale.  In  tropical  climates  the  heat  in  the  shade  oc- 
casionally rises  to  1 05°  or  even  110°.  The  latter  tempera- 
ture has  been  observed  in  Egypt.  At  Senegal  the  air  in 
the  shade  is  usually  at  94<°,  and  is  frequently  at  111°  by 
day.  At  Pondicherry,  it  is  said  to  have  been  at  113°  or 
115°^.  With  regard  to  cold,  in  northern  climates — Si- 
beria and  Hudson’s  Bay,  the  temperature  is  every  year  so 
low  as  to  freeze  quicksilver.  At  Hudson’s  Bay,  the  spirit 
thermometer  was  observed  in  the  open  air  to  stand  at 
— 50°  f,  and  there  is  no  reason  to  believe  that  any  natural 
cold  yet  observed  much  exceeds  this.  At  one  time,  in- 
deed, it  was  supposed,  that  much  more  intense  colds  pre- 
vailed, the  mercurial  thermometer  having  been  observed 
to  sink  300  or  400  degrees  below  the  freezing  point  of 
water  ; in  one  case  observed  by  Hutchins,  even^to  490° 


♦ Kirwan  on  the  Temperature  of  different  latitudes,  p.  93,  &e. 
f Philosophical  Transactions,  vol.  Ixxvi,  p.  271. 
if  Ibid.  vol.  Ixxiii,  p.  386. 
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But  this,  as  has  been  already  remarked,  is  a deception  a- 
rising  from  the  freezing  of  the  quicksilver  in  the  thermo- 
meter, and  the  contraction  which  it  experiences.  Hence, 
when  at  the  same  time  observations  were  made  with  a spi- 
rit thermometer,  the  descent  \vas  not  greater  than  what 
corresponded  to  —46°.  The  cold  of  America  even  exceeds 
that  which  prevails  under  the  same  latitudes  in  Europe : 
we  have,  therefore,  no  reason  to  believe,  that  in  the  old 
world  more  intense  natural  colds  occur  than  in  the  new, 
and  from  the  descriptions  given  of  their  effects,  they  ap- 
pear as  severe  in  North  America  as  in  the  north  of  Europe 
or  Asia.  The  decrement  of  temperature,  according  to 
elevation  in  the  atmosphere,  is  at  the  rate  nearly  ot  one 
degree  of  Fahrenheit’s  scale,  for  each  300  feet  of  ascent. 

The  range  of  temperature,  as  produced  by  artificial 
arrangement,  is  much  greater.  Our  power  of  producing 
cold  is  not  indeed  great,  compared  with  that  of  exciting 
heat.  The  cold  we  obtain  by  freezing  mixtures  does  not 
much  exceed  100  degrees  below  the  freezing  point  of  wa- 
ter. Fourcroy  and  Vauquelin,  by  a mixture  of  snow  and 
muriate  of  lime,  previously  cooled,  effected  a reduction  of 
temperature  to — 65®  of  Fahrenheit,  when  the  temperature 
of  the  atmosphere  was  not  much  below  freezing.  Mr 
Macnab,  from  a mixture  of  snow  with  diluted  sulphuric 
acid,  obtained  a cold  equal  to  — 78|°  of  Fahrenheit.  And 
Mr  Walker,  by  successive  cooling  of  the  materials,  ob- 
tained from  diluted  sulphuric  acid  and  snow,  a reduction 
to — 91°,  or  123°  below  the  freezing  point  of  water.  The 
highest  heat  that  has  been  measured  is  equal  to  about  160° 
of  Wedgwood’s,  or  21,877°  of  Fahrenheit’s  scale.  This 
was  the  temperature  of  a small  air-furnace  belonging  to 
Mr  Wedgwood,  and  is  superior  to  that  which  is  necessary 
tb  fuse  cast  iron,  or  to  bake  porcelain.  The  heat  in  the 
focus  of  a powerful  lens  or  speculum  from  the  concentra- 
tion of  the  solar  rays,  is  still  more  intense,  as  is  also  that 
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excited  by  a stream  of  oxygen  gas  directed  on  burning 
charcoal ; but  of  these  we  have  no  exact  measurement. 

Were  the  chemist  restricted  to  those  variations  of  tem- 
perature which  occur  in  nature,  he  would  be  little  more 
than  an  observer  ot  her  operations,  since  these  are  too 
trivial  to  have  much  influence  on  the  operations  of  art.  It 
is  in  our  power,  however,  to  produce  more  intense  degrees, 
both  of  heat  and  cold ; and  in  the  remaining  part  of  this 
section  I have  to  state  the  means  by  which  these  are  ob- 
tained, and  the  various  contrivances  by  which  they  are 
applied  and  regulated.  This  will  include  a description  of 
several  of  the  most  important  operations  and  instruments 
of  Practical  Chemistry. 


The  sources  of  heat  which  are  under  the  control  of  art, 
and  which,  by  peculiar  arrangements,  may  be  increased 
and  applied,  are  the  Solar  Rays,  Electricity  and  Galva- 
nism, Condensation,  Mechanical  action  between  solids, 
including  Friction  and  Percussion,  and  Chemical  action, 
to  which  head  Combustion  belongs. 

The  Solar  Rays  are  powerful  in  producing  heat.  In 
the  open  air,  a thermometer  is  raised,  by  free  exposure  to 
them,  to  above  100°  j and  when  inclosed,  so  as  to  prevent 
the  effect  of  a current  of  air,  it  may  be  raised  much  high- 
er : in  some  experiments  by  Saussure,  it  was  raised  to 
201°;  the  temperature  of  the  external  atmosphere  being 
75o  : and  Professor  Robison,  in  repeating  these  with  a si- 
milar arrangement,  raised  the  thermometer  to  237°  of 
Fahrenheit’s  scale*. 

By  concentration  of  the  rays  by  a lens,  or  by  a concave 
mirror,  heat  is  excited  to  a degree  of  intensity  nearly  e- 


* Black’s  Lectures,  vol.  i,  p.  5fG. 
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qiial  to  what  can  be  produced  by  any  other  arrangQinent. 
In  the  focus  of  very  large  burning  glasses,  the  heat  excited 
is  sufficient  to  melt  the  greater  number  of  the  metals  and 
the  earths,  and  to  dissipate  many  other  substances  in  va- 
pour. It  appears  from  the  experiments  of  Macquer,  that 
a greater  heat  may  be  excited  by  a concave  mirror  than 
by  a lens ; but  the  former  is  inconvenient,  and  indeed 
scarcely  practicable  in  its  application,  from  the  raj's  be- 
ing reflected  upwards.  The  use  of  either,  indeed,  is  very 
limited  ; for  the  heat,  though  powerful,  is  excited  only  on 
a small  point;  hence  it  can  be  applied  to  scarcely  any  o- 
ther  purpose,  than  to  discover  the  changes  which  bodies 
suffer  from  intense  heat.  Rumford  has  shewn,  that  the 
intense  heat  obtained  in  the  focus  of  a lens  arises  entirely 
from  the  concentration  of  the  rays  of  light,  and  not,  ns 
some  had  supposed,  from  their  power  being  augmented  by 
a change  in  the  direction  of  their  motion  ; the  same  quan- 
tity of  solar  light,  directed  on  the  blackened  surface  of  a 
metallic  vessel  containing  water,  producing  in  it  the  same 
total  rise  of  temperature,  whether  the  rays  were  parallel, 
or  w'ere  made  to  converge  by  a lens. 

The  Electric  Discharge  is  capable  of  producing  a very 
sudden  and  great  heat.  If  from  a powerful  battery,  and 
transmitted  through  metallic  wires  of  small  diameter,  even 
those  metals  which  are  least  fusible  are  instantly  melted. 
The  electric  spark,  as  I shall  afterwards  have  to  remark, 
affords  a convenient  mode  of  applying  heat  to  effect  the 
combination  of  gases. 

The  Galvanic  Discharge  is  likewise  powerful  in  exciting 
heat.  On  establishing  a communication  between  the  ex- 
tremities of  a galvanic  battery,  a high  temperature  is  ex- 
cited at  the  point  where  the  communication  is  momentarily 
completed  and  interrupted ; and  in  this  way  every  com- 
bustible body  may  be  made  to  burn,  and  by  a powerful 
f^alvanic  arran«;ement,  almost  every  substance  may  be  lu- 
sed  or  dissipated  in  vapour.  Or  if  a fine  metallic  wire 
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form  part  of  the  circuit,  it  is  melted  by  the  heat  which  the 
galvanic  energy  excites  in  its  passage. 

The  production  of  heat  from  Condensation  is  best  ex- 
emplified in  substances  which  are  highly  compressible  and 
elastic,  consequently  in  aeriform  fluids.  It  has  been  long 
known,  that  by  condensing  a gas  by  mechanical  pressure, 
its  temperature  is  raised ; that  in  allowing  it  to  expand 
again,  its  temperature  falls  ; and  that  by  rarefying  it  far- 
ther, a degree  of  cold  is  produced.  I have  already  allud- 
ed to  these  facts,  as  illustrative  of  the  theory  of  the  capa- 
cities of  bodies  for  caloric.  I have  now  to  state  them  ra- 
ther more  in  detail. 

The  changes  of  temperature,  from  rarefaction  and  con- 
densation of  aeriform  fluids,  as  they  are  indicated  by  a 
thermometer  suspended  in  the  air,  amount  only  to  a few 
degrees  of  Fahrenheit.  The  rise  and  fall  of  the  thermo- 
meter, however,  are  very  sudden,  and  this  led  Mr  Dalton 
to  suspect,  that  the  real  change  is  greater  than  it  appears 
to  bo  from  the  indication  by  the  thermometer ; but  that 
the  inequality  exists  only  for  a few  seconds  of  time,  owing 
to  the  containing  vessel  having  a surface  so  much  more 
extensive  than  the  thermometer,  that  it  speedily  checks  the 
change  of  temperature,  by  abstracting,  or  by  yielding  ca- 
loric. The  quantity  of  matter,  too,  in  the  bulb  of  the 
thermometer,  being  so  much  greater  than  that  in  the  rare- 
fied air,  is  unfavourable  to  its  affording  an  indication  of 
the  real  change.  Thus  the  phenomena  agree  with  the 
supposition  of  great  heat  or  cold  being  produced  by  the 
condensation  or  rarefaction,  but  existing  only  for  a very 
' short  time  *.  This  is  also  proved  by  the  fact  observed  by 
Lambert,  that,  in  rarefying  air,  the  cold  is  greater  the 
more  quickly  the  rarefaction  is  performed. 

This  view  accords,  too,  with  a fact  more  recently  esta- 
blished, that,  by  a sudden  and  great  condensation,  a high 

‘ Manchester  Memoirs,  vol.  v,  p.  515, 
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temperature,  equal  even  to  ignition,  may  be  produced. 
A luminous  appearance  had  sometimes  been  observed 
from  the  discharge  of  an  air-gun  in  the  dark  *.  The  ex- 
periment was  repeated  before  the  French  National  Insti- 
tute. From  the  air  rapidly  compressed  in  the  ball  of  an 
air-gun,  so  much  heat  was  disengaged  from  the  first  stroke 
of  the  piston,  as  to  set  fire  to  a piece  of  fungus  match  pla- 
ced within  the  pump.  And  if  the  body  of  the  pump  be 
terminated  by  a moveable  end,  formed  of  a piece  of  steel 
with  a glass  lens  in  its  centre,  at  the  stroke  of  the  piston 
a ray  of  vivid  light  is  seen  in  the  inside  f.  An  instrument 
has  since  been  introduced,  constructed  on  this  principle, 
by  which  tinder  is  kindled.  It  is  merely  a condensing 
syringe  of  brass,  with  a steel  rod  about  10  inches  long, 
and  5-8ths  of  an  inch  in  the  bore,  with  a cavity  at  the 
bottom  containing  the  tinder.  On  pushing  down  the  rod 
very  suddenly  the  tinder  is  kindled,  and  by  the  turn  of  a 
skrew  can  be  exposed  to  the  air. 

The  theory  of  the  effect  of  this  instrument  (the  Con- 
densing Syringe)  is  not  very  well  ascertained.  It  has  been 
ascribed  to  the  rapid  condensation  of  the  air,  evolving  so 
much  heat  as  to  kindle  the  tinder.  But  there  is  a diffi- 
culty with  regard  to  this;  for  the  condensation  being  pro- 
gressive, and  the  piston  and  the  sides  of  the  tube  being 
composed  of  matter  which  is  so  perfect  a conductor  of 
heat,  the  heat  ought  to  be  abstracted  as  it  is  evolved, 
and  there  is  no  very  obvious  cause  how  it  can  be  accumu- 
lated at  the  end  of  the  tube : and  according  to  the  expe- 
riments of  Desmortiers  f,  it  is  only  when  atmospheric  air 
or  oxygen  gas  is  condensed  in  the  tube  that  the  tinder  is 
kindled  ; the  other  gases  do  not  produce  the  effect.  This 
would  lead  to  the  suspicion  that  the  effect  depends  on  the 


• Nicholson’s  Journal,  vol.  iv,  p.  280. 
f Ibid.  vol.  ix,  p.  302. 

Ibid.  vol.  xxxiii,  p.  227. 


OF  TEMPERATURE. 


487 


condensation  favouring  the  combination  of  the  oxygen 
with  the  inflammable  matter,  aided  by  the  degree  of  heat 
that  is  excited  ■,  and  under  this  point  of  view,  the  result 
would  fall  to  be  considered  as  a particular  case  of  the 
general  result  established  by  Grotthus,  that  combustion 
is  much  dependent  on  the  degree  of  rarity  or  condensation 
of  the  aerial  matter.  There  is  one  fallacy  indeed  to  which 
these  experiments  are  liable,  that  with  the  other  gases, 
should  even  the  tinder  be  ignited,  it  will  be  instantly  ex- 
tinguished from  oxygen  not  being  present  to  support  its 
inflammation.  But  this  is  obviated  by  using  tinder  im- 
pregnated with  nitre,  with  which  the  result  is  found  to 
be  the  same.  There  is  another  objection,  to  which 
this  theory  of  the  instrument  is  liable,  that  liquid  substan- 
ces, as  alkohol,  or  soft  substances,  as  phosphorus,  are  not 
kindled  ; which  they  ought  to  be,  especially  the  last,  if  the 
effect  depended  on  the  combination  with  oxygen  from  its 
condensation.  This  renders  it  probable,  that  part  at  least 
of 'the  effect  depends  on  the  intense  mechanical  motion 
and  vibration  produced  in  the  solid  body  by  communica- 
tion from  the  rapid  motion  of  the  air. 

Biot  made  the  experiment  of  causing  the  union  of  oxy- 
gen and  hydrogen  gases,  by  compressing  rapidly  a mix- 
ture of  them  in  the  syringe  of  the  air-gun.  It  is  a ha- 
zardous one,  as,  in  two  out  of  three  times  that  it  was  re- 
peated, the  barrel  was  burst  by  the  explosion  It  is 
doubtful  whether  the  compression  in  this  case  first  causes 
the  combination  of  the  gases  by  the  approximation  of 
their  particles,  and  then  the  evolution  of  heat  as  the  con- 
sequence of  this,  or  whether  it  merely  produces  such  a 
heat  as  causes  the  combination  : it  is  probable,  however, 
from  the  preceding  experiment,  that  the  latter  is  the  case. 

That  species  of  mechanical  action  which  excites  strong 
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vibration  in  the  particles  of  solid  bodies,  as  Friction  and 
Percussion,  is  productive  of  increased  temperature.  Of 
heat  from  friction  we  have  many  familiar  examples.  Two 
pieces  of  hard  wood  rubbed  against  each  other  are  so 
much  heated  as  to  be  kindled  ; and  among  savage  nations, 
th  is  method  is  had  recourse  to,  to  procure  fire.  The  fric- 
tion on  the  axle  of  a loaded  carriage  is  sometimes  such  as 
to  cause  it  to  take  fire,  as  is  that  from  a rope  made  to  re- 
volve rapidly  round  a solid  body.  The  intensity  of  the 
heat  from  friction  depends  not  only  on  the  force  of  the 
friction,  but  also  on  the  state  of  the  bodies  subjected  to  it, 
with  regard  to  hardness,  elasticity,  and  other  qualities. 
Scarcely  any  accurate  experiments  have  been  made  on  this 
subject.  It  is  known,  however,  that  the  hardest  substan- 
ces do  not  afford  the  greatest  heat.  A table  is  given  in 
Nicholson’s  Journal,  (vol.  viii,  p.  218),  of  a series  of  expe- 
riments on  the  heat  produced  by  rubbing  different  woods 
against  each  other ; whence  it  appears,  that  the  heat  pro- 
duced is  not  either  directly  or  inversely  as  the  hardness. 

The  heat  from  percussion  is  no  doubt  produced  in  the 
same  manner  as  that  from  friction  ; and  is  easily  carried 
to  the  same  extent.  By  hammering  an  iron  rod  on  the 
anvil,  it  is  raised  to  a red  heat ; and  the  sparks  struck 
from  steel  by  a flint  consist  of  particles  of  steel  heated  by 
the  percussion,  and  rising  to  a state  of  ignition  by  suf- 
fering combustion  in  passing  through  the  atmosphere. 
Hence,  in  making  the  experiment  in  vacuo^  the  particles 
struck  off  are  not  luminous,  though  their  temperature  is 
probably  not  far  distant  from  a red  heat.  Such  a tem- 
perature can  be  produced  from  mechanical  action  alone, 
as  we  find  it  to  happen  in  incombustible  matter.  Put- 
ting aside  the  examples  from  phosphorescent  bodies, 
which  are  fallacious,  this  is  proved  by  a decisive  experi- 
ment made  by  iVIr  T.  Wedgwood,  that  of  bringing  a piece 
of  window-glass  in  contact  with  a revolving:  wheel  of  Ln  it; 
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1 It  became  red  hot  at  its  point  of  friction,  and  gave  off’ 
luminous  particles,  which  were  capable  of  inflaming  gun- 
powder *. 

I have  already  stated  the  difficulty  with  regard  to  the 
explanation  of  the  increase  of  temperature  from  these 
causes,  and  its  relation  to  the  theory  of  caloric.  It  can 
scarcely  be  doubted,  that  it  is  chiefly  to  be  ascribed  to  a 
momentary  diminution  of  capacity,  from  the  approxima- 
tion of  the  particles  of  the  body  under  friction  or  percus- 
sion. It  is  possible,  that  the  excitation  of  electricity, 
which  will  accompany  the  friction,  may  have  some  share 
in  its  production. 

Chemical  action  is  an  abundant  source  of  variation  of 
temperature  ; the  temperature  being  sometimes  elevated, 
sometimes  reduced.  The  theory  of  both  changes  has  al- 
ready been  explained : More  immediately  they  may  be 
ascribed,  according  to  the  view  which  Berthollet  has  taken 
of  the  subject,  and  which  has  been  stated  under  the  Chap- 
ter on  Affinity,  to  the  condensation  arising  from  chemical 
action,  modified  by  the  change  of  form  which  so  frequent- 
ly accompanies  it.  Or,  ultimately,  they  depend,  accord- 
ing to  the  theory  of  Irvine,  on  the  change  of  capacity 
which  follows  combination,  heat  being  produced  when  the 
capacity  of  the  product  of  the  combination  is  inferior  to 
the  mean  of  the  capacities  of  the  substances  combined, 
and  cold  where  it  is  superior  to  that  mean. 

Of  the  varieties  of  chemical  action  productive  of  heat, 
and  indeed  of  all  the  sources  of  increased  temperature. 
Combustion  is  the  most  important,  both  for  common  pur- 
poses, and  in  the  operations  of  chemistry.  To  explain  in 
a general  manner  the  principles  on  which  combustion  is 
excited  and  applied,  it  is  necessary  to  observe,  that  it  is 
dependent  on  one  of  the  constituent  principles  of  the  at- 
tnosphere,— oxygen  gas.  At  temperatures  which  usually 
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require  to  be  considerably  elevated,  this  principle  com- 
bines with  combustible  or  inflammable  bodies,  the  combi- 
nation is  attended  with  the  production  of  heat,  and  in  ge- 
neral with  the  evolution  of  light  j and  it  is  this  which  con- 
stitutes combustion  or  burning. 

We  thus  perceive  how  much  combustion  must  be  de- 
pendent on  a due  supply  of  atmospheric  air  to  the  combus- 
tible body  •,  and  accordingly  it  is  more  rapid  the  more  free- 
ly the  air  is  applied.  On  this  is  founded  the  construction  oi 
Furnaces,  which,  under  various  forms,  are  employed  in 
many  of  the  processes  of  chemistry  as  well  as  in  the  che- 
mical arts,  to  excite  and  apply  lieat. 

The  principles  on  which  the  production  of  heat  in  fur- 
naces depends,  are,  that  inflammable  matter  cannot  burn 
without  the  access  of  air,  and  that  the  rapidity  of  the  com- 
bustion, and  consequently  the  quantity  of  heat  produced 
in  a given  time,  are  proportional  to  the  quantity  of  air 
transmitted  over  the  burning  matter.  W^hen  fuel  is  placed 
in  a closed  cavity,  like  that  of  a furnace,  connected  with  a 
chimney,  and  kindled,  the  air  is  rarefied,  and  ascends  by 
the  chimney  ; the  pressure  of  the  external  atmosphere 
forces  a quantity  of  fresh  air  through  the  openings  below, 
which,  rising  through  the  mass  of  fuel,  occasions  a strong 
combustion.  The  strength  of  the  combustion  depends 
therefore  on  two  circumstances, — the  access  of  atmosphe- 
ric air  from  below,  and  the  due  height  and  w'idth  of  the 
tube  containing  the  column  of  heated  air.  The  first  is  re- 
gulated by  registers,  consisting  of  apertures,  fitted  with 
brass  stoppers,  or,  what  is  more  convenient,  a moveable 
semicircular  plate,  adapted  to  one  aperture  of  sufficient 
size.  The  second  principally  contributes  to  the  rapidity 
of  the  combustion.  When  the  tube  or  chimney  is  length- 
ened, the  difference  between  the  specific  gravity  of  the 
column  of  heated  air  wiiich  it  contains,  and  that  of  the 
column  of  external  air  being  greater,  a larger  quantity  of 
fresh  air  is  constantly  forced  through  the  fuel,  and  a strong 
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1 draught,  as  it  is  termed,  is  formed.  This  is  proportional 
to  the  height  of  the  chimney,  at  least  to  a certain  extent ; 
for  beyond  a certain  height,  the  air  cooling,  the  difference 
in  specific  gravity  becomes  less,  and  no  advantage  is  gain- 
ed. The  same  advantage  is  obtained,  by  causing  the  air 
which  passes  into  the  furnace  to  pass  through  a long  tube, 
disposed  horizontally,  and  connected  with  the  ash-pit, 
rendered  as  nearly  air-tight  as  possible  *,  as  thus  a still 
greater  difference  is  established  between  the  external  and 
internal  columns  of  air  in  weight.  The  narrowing  the 
chimney  has  to  a certain  extent  a similar  effect,  though  if 
it  be  rendered  too  narrow  to  admit  of  the  free  exit  of  the 
air,  and  the  smoke,  the  current  will  be  impeded.  Not- 
withstanding the  importance  of  these  circumstances,  the 
due  proportions  of  height  and  width  of  the  chimney  to  the 
cavity  of  the  furnace  have  not  been  well  ascertained.  Mac- 
quer  states  that  the  diameter  of  the  chimney  ought  to  be 
to  that  of  the  furnace  as  2 to  3 nearly;  and  that  when  the 
internal  diameter  of  the  furnace  is  12  or  15  inches,  if  the 
diameter  of  the  chimney  be  8 or  9,  and  its  height  1 8 or 
20  feet,  a very  intense  heat  is  excited  *. 

Another  important  object  is  the  confining  the  heat  or 
preventing  its  dissipation.  This  is  accomplished  by  coat- 
ing the  internal  surface  with  a substance  which  transmits 
heat  slowly,  as  a lute  of  clay  and  sand,  which  likewise 
serves  to  defend  the  sides  of  the  furnace,  when  they  are  of 
metal,  from  the  action  of  the  fire.  When  it  is  built  of 
brick,  the  building  is  a sufficiently  imperfect  conductor  to 
confine  the  heat. 


• It  is  often  an  object  of  importance  to  consume  the  smoke 
from  furnaces,  those  especially  on  a large  scale  employed  in 
manufactures,  or  those  of  steam  engines,  when  they  are  in  si- 
tuations where  the  smoke  proves  offensive.  A very  good  sum- 
mary of  the  methods  that  have  been  employed  for  this  pur- 
pose is  given  in  a Report,  Annales  de  Chimic,  t.  69.  p.  189. 
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A general  furnace,  applicable  to  most  of  the  operations 
of  chemistry,  contrived  by  Dr  Black,  is  represented  Plate 
V.  Fi<^.  54.  A is  the  body  of  an  elliptical  form,  which 
contains  the  fuel,  and  frequently  the  substance  to  be  ope- 
rated on  ; it  is  made  of  plate-iron,^and  lined  to  the  thick- 
ness of  two  or  three  inches,  first  with  a mixture  of  clay  and 
charcoal,  beat  into  a paste  with  water,  and  over  this,  w-ith 
a coating  of  clay  and  sand,  the  coating  being  thicker  to- 
wards the  bottom,  so  as  to  diminish  the  cavity,  and  render 
it  slanting  downwards  from  the  chimney.  On  the  top  is 
fixed  an  iron-plate,  having  two  apertures,  one,  a,  placed 
over  the  cavity,  and  designed  to  receive  an  iron  pot  with 
sand,  when  evaporation,  distillation,  or  any  similar  pro- 
cess is  to  be  performed;  the  other  smaller,  to  which  the 
chimney  B,  made  of  a tute  of  iron,  is  fixed.  C represents 
the  grate,  in  a plate  of  iron  which  is  fixed  to  the  bottom 
of  the  body  of  the  furnace,  nearly,  but  not  exactly  oppo- 
site to  the  larger  aperture  in  the  upper  plate.  D is  the 
ash-pit,  the  body  of  the  furnace  resting  within  it  on  a 
strong  ring  which  runs  round  the  cavity,  at  about  half  an 
inch  deep.  In  this  ash-pit  is  a door,  b,  turning  on  hinges, 
to  remove  the  ashes ; and  a register,  c,  designed  to  regu- 
late the  admission  of  air  : it  is  a plate  of  iron,  in  which 
are  six  apertures,  fitted  with  plugs,  the  size  of  which  in- 
creases in  geometrical  ratio,  so  that  by  opening  them  sing- 
l}^,  or  in  combination,  the  supply  of  air  to  pass  through 
the  fuel,  and  consequently  the  heat  to  be  excited,  can  be 
regulated  with  precision.  The  fuel  is  introduced  at  the 
top,  but  as  it  cannot  easily  be  supplied  this  way  in  the  pro- 
gress of  the  process,  at  least  when  the  sand-pot  is  used,  the 
furnace  is  sometimes  constructed  with  a door  in  the  side; 
this,  however,  renders  the  regulation  of  the  admission  of 
air  less  perfect.  When  the  furnace  is  used  for  fusion,  or 
similar  purposes  where  a sand-pot  is  not  required,  the  up- 
per aperture  is  covered  with  a dome. 

Furnaces  applied  to  particular  purposes,  as  the  assay- 
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furnace,  used  in  assa^'ing  and  other  operations  on  the  me- 
tals, or  the  reverberatory  furnace,  in  which  by  a dome  the 
flame  is  made  to  reverberate  on  the  substance  operated  on, 
are  little  used  by  chemists.  It  is  an  object  of  considerable 
importance,  however,  to  have  a furnace  capable  of  exciting 
a very  intense  heat,  and  different  kinds  of  what  is  named 
a melting-furnace,  or,  from  the  strong  blast  of  air  which  is- 
forced  through  it,  a wind-furnace,  have  been  proposed. 

A convenient  portable  one  was  described  by  Schmeis- 
ser,  Fig.  55.  It  is  formed  of  iron-plates,  coated  with  clay 
and  sand;  the  cavity  being  about  12  inches  in  height, 
and  6 inches  wide,  having  a dome  which  terminates  in  a 
tubular  chimney,  about  2 inches  in  diameter.  Besides 
being  adapted  to  excite  a very  intense  heat,  it  may  be  ap- 
plied to  various  purposes,  and  is  so  far  a general  furnace. 
For  cupellation,  a muffle  can  be  introduced  at  the  door, 
a ; for  distillation  in  the  naked  fire,  an  earthen  retort  may 
be  placed  in  it,  the  neck  resting  on  the  apertui'e  h beneath 
the  dome  ; cc  arc  apertures  in  the  sides  opposite  to  each 
other,  through  which  an  iron  or  earthen  tube  may  be  pass- 
ed, so  as  to  be  kept  at  a red  heat ; d is  an  aperture  to 
which  the  nozzel  of  a double  bellows  may  be  adapted  to  ex- 
cite a violent  heat ; e is  the  ash-pit  door ; ^ a moveable  re- 
gister, to  regulate  the  admission  of  air. 

In  operations  on  a larger  scale,  a fixed  furnace  of  brick 
is  required.  Fig.  62.  represents  a convenient  form  of  this 
kind.  A is  the  cavity  of  the  furnace,  terminating  by  a pas- 
sage in  the  chimney  B.  At  C is  an  aperture  covered  with 
a thick  plate  of  iron,  or  of  fire-brick,  through  which  fuel 
is  introduced.  On  the  grate  D,  is  placed  a covered  cru- 
cible, on  a pedestal  of  baked  clay,  and  in  the  passage  of 
the  chimney,  at  a,  a muffle  may  be  placed ; E is  the  ash- 
pit, through  which  the  air  is  admitted. 

Small  furnaces  which  may  be  placed  on  a table,  and 
which  are  useful  for  experiments  on  a limited  scale,  have 
been  constructed  of  the  large  black  lead  crucibles  or  pots. 
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A furnace  of  this  kind  was  described  by  Lewis,  which  has 
been  so  much  improved  by  Mr  Aikin,  as  to  be  capable  of 
producing  a very  intense  heat  *.  I have  constructed  one 
which  1 find  very  convenient,  where  an  inferior  heat  is  re- 
quired. It  consists  (Fig.  59.)  of  a cylinder  of  plate-iron 
8 inches  in  height  and  5 in  width,  around  which  is  ano- 
ther cylinder  of  the  same  height,  but  wider,  so  that  there 
is  a space  of  half  an  inch  between  them,  this  open  space 
being  closed  at  the  top  and  bottom  by  a slip  of  plate-iron, 
folded  over,  and  rivetted.  By  this  double  cylinder,  the 
heat  is  more  effectually  confined  without  lute.  In  the 
inner  cylinder,  within  2\  inches  of  the  bottom,  are  rivetted 
three  small  projections,  on  which  lies  a plate  of  iron  per- 
forated which  supports  the  fuel,  and  about  inch  below 
this  the  smaller  cylinder  is  closed  by  a plate  of  iron,  so  that 
an  ash-pit  is  formed,  to  which  a door  is  adapted  in  front. 
A little  above  this  is  represented  in  front,  an  aperture  to 
which  the  nozzle  of  small  bellows  may  be  adapted,  to  ex- 
cite a higher  heat,  w'hen  this  is  required.  A kind  of  tube 
of  iron  is  rivetted  to  one  side  of  the  outer  cylinder,  in 
which  a slender  iron  rod  can  be  inserted,  turned  at  the  top 
into  a circular  horizontal  ring,  which  may  support  a ma- 
trass or  any  smaller  vessel,  and  which,  by  a thumb-screw, 
can  be  placed  at  different  heights.  There  are  two  aper- 
tures near  the  top,  opposite  to  each  other,  (one  of  which  is 
represented  in  the  figure,)  through  which  a tube  may  pass 
across  the  furnace,  so  as  to  admit  any  gas  transmitted 
through  it  to  high  temperature.  When  it  is  not  neces- 
sary that  the  furnace  should  be  open  at  the  top,  a dome  of 
plate  iron,  B,  with  a chimney,  C,  is  adapted  to  it,  by  which 
the  heat  is  rendered  stronger  from  the  greater  current  of 
air  established  through  the  fuel,  and  smoke  is  carried  off. 
And  by  a door  in  this,  which  moves  on  a hinge,  fresh  fuel 
may  be  introduced,  or  the  neck  of  a retort  placed  in  the 
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body  of  the  furnace  may  pass  out.  With  this  furnace 
many  experiments  on  a small  scale  are  easily  performed. 
Charcoal  is  the  proper  fuel  for  it. 

When  solid  substances  are  to  be  exposed  to  these  high 
heats,  crucibles  are  the  usual  containing  vessels,  at  least  for 
experimental  purposes.  The  Hessian  crucible,  as  it  is 
named,  is  of  a species  of  earthen- ware  or  baked  clay,  which 
stands  intense  heat  without  fusing,  its  only  disadvantage 
is  being  liable  to  be  cracked  by  any  sudden  alteration  of 
temperature.  The  black-lead  crucibles,  made  of  plumba- 
go and  clay  baked,  are  not  liable  to  this,  and  are,  there- 
fore, often  used,  especially  in  fusing  metals  ; from  a mem- 
ber of  saline  substances,  however,  they  suffer  corrosion. 
Both  are  made  narrow  at  the  bottom,  that  the  fused  mat- 
ter may  be  collected  into  a small  mass,  and  either  trian- 
gular, or  if  round,  pinched  at  the  mouth,  that  the  melted 
matter  may  be  poured  out.  The  usual  forms  are  repre- 
sented, Fig.  60,  61.  When  placed  in  the  furnace,  a small 
clay  pedestal  is  placed  on  the  grate,  on  which  the  crucible 
stands,  to  remove  it  from  the  current  of  cold  air  ; and  a 
cover  is  adapted  to  the  mouth,  to  exclude  the  fuel.  Cru- 
cibles of  platina  are  sometimes  used.  Cupels  are  small 
cups  made  of  bone-ashes,  very  porous  : they  ai*e  used  in 
refining  the  more  precious  metals,  which  are  not  oxidated 
by  heat  and  air,  any  oxidable  metal  combined  with  them 
suffering  this  change,  and  the  vitrified  oxide  being  ab- 
sorbed by  the  cupel.  They  are  placed  under  an  arched 
earthen  vessel,  open  at  the  end,  named  a Muffle,  Fig.  56, 
by  which,  while  the  fuel  is  excluded,  the  air  which  is  ne- 
cessary in  the  process  is  admitted. 

In  applying  a more  moderate  heat,  the  medium  of  sand, 
forming  the  Sand  Bath,  is  employed,  and  glass  vessels  na- 
med Matrasses  or  Cucurbits  are  used.  The  cucurbit  is 
represented,  with  the  capital,  Plate  IV.  Fig.  38,  as  the  ap- 
paratus which  is  used  in  sublimation.  The  matrass  is  re- 
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presented  Fig.  4'4.  ; from  being  blown  thin  and  equable,  it 
sustains  alterations  of  temperature  with  less  risk  of  break- 
ino-,  and  from  its  long  neck  any  vapour  which  is  conden- 
sed  falls  back, 

A convenient  method  of  applying  heat  from  combustion, 
where  it  is  not  necessary  that  it  should  be  very  intense,  is 
by  the  Lamp-furnace.  A lamp  with  a concentric  wick, 
and  internal  supply  of  air,  on  the  principle  of  Argand’s, 
affords  a heat  easily  regulated  by  means  of  the  elevation 
or  depression  of  the  wick,  and  the  distance  at  which  it 
may  be  placed  from  the  body  designed  to  be  heated.  By 
an  invention  of  Mr  Webster,  in  which  a double  concen- 
tric wick  is  used,  the  heat  is  rendered  more  powerful. 
The  lamp  is  sometimes  attached  to  an  iron  or  brass  rod, 
on  which  it  slides,  and  to  which  are  also  attached  rings  of 
different  diameters,  to  support  a retort  or  evaporating  ba- 
son above  the  flame,  as  represented  Fig.  58.  It  is  more 
convenient  to  have  a detached  standard,  with  rings  that 
can  be  inserted  in  a socket,  which  slides  on  the  rod  of  the 
standard,  and  by  a thumb-screw  can  be  fixed  at  any  height. 

The  blow-pipe  affords  a mode  of  applying  a strong  heat 
at  a small  point.  This  instrument  is  a conical  tube,  with 
a very  small  aperture  at  its  narrow  extremity.  It  is  re- 
presented Fig.  57. ; when  made  of  brass,  it  has  the  advan- 
ta<To,  that  small  moveable  nozzles  can  be  adapted  to  it,  ha- 

vino-  holes  of  different  diameters,  to  afford  a larger  or 

o 

smaller  flame.  The  artists,  prefer,  however,  one  of  glass, 
as  it  is  easier  to  give  a glass  tube  a fine  and  smooth  a- 
pertiire.  By  blowing  through  this  tube  on  the  flame 
of  a candle  or  lamp,  in  a horizontal  direction,  it  is  ur- 
o-ed  in  a conical  form  ; and  at  its  extremity,  or  rather  at 
the  extremity  of  the  internal  blue  flame,  a heat  compara- 
tively intense  is  excited.  To  condense  the  humidity  of  the 
expired  air,  there  is  a swell  at  one  part  of  the  tube.  This 
instrument  is  used  by  the  chemist  and  mineralogist,  in  as? 
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certaining  the  fusibilities  of  bodies  *.  A fragment  of  the 
substance  to  be  submitted  to  trial  is  placed  on  a piece  of 
charcoal,  or  in  a spoon  of  silver  or  platina,  and  the  flame 
is  directed  upon  it ; or  if  its  fusion  is  to  be  promoted  by 
the  addition  of  a flux,  it  is  mixed  with  it  in  powder.  It  is 
also  employed  by  the  artists,  in  enamelling  and  in  work- 
ing  on  glass. 

The  facility  of  blowing  through  the  blow-pipe,  so  as  to 
keep  up  a current  of  air,  is  not  easily  acquired,  and  it  is 
fotiguing  to  continue  it  for  any  length  of  time.  Different 
^ contrivances  have  been  had  recourse  to,  to  obviate  this  in- 
convenience. The  instrument  is  sometimes  connected  by 
a flexible  tube  with  double  bellow^s  worked  by  the  foot,  by 
which  a strong  stream  of  air  is  forced  through  the  tube  f. 
It  is  difficult,  however,  to  render  it  uniform,  and  also  to 
construct  bellows  which  shall  be  air-tight.  To  obviate 
this,  Mr  Hare  constructed  a hydrostatic  blow-pipe,  of 
which  he  has  given  a description  Melograni  employs 
. tw'o  glass  globes,  connected  by  their  necks ; one  of  w'hich 
being  half  filled  with  w’ater,  is  placed  so  that  the  water 
shall  run  into  the  other,  forcing  a stream  of  air  through  a 
tube  which  issues  from  it,  and  which  is  directed  on  the 
flame  of  a candle  ||  ; and  when  the  air  has  passed  from, 
the  one  their  position  may  be  changed.  A still  better  me- 
thod is  that  invented  by  Mr  Tilly  in  which  a tin  or  cop- 
per box  has  a partition  reaching  from  the  top  to  within  an 
inch  of  the  bottom,  the  one  compartment  being  air-tight 


» Some  important  observations  on  its  application  to  minera- 
logy have  been  lately  given  by  Gahn  (Annals  of  Philosophy, 
vol.  xi,)  which  will  be  noticed  in  the  third  volume,  under  the 
introductory  chapter  to  the  history  of  Mineral  Compounds. 

f Cronstedt’s  Mineralogy  by  Magellan,  Appendix. 

X Philosophical  Magazine,  vol.  xiv,  p.  238. 

II  Nicholson’s  Journal,  vol.  ix,  p.  25,  and  143. 

^ Philosophical  Magazine,  vol.  xliii,  p.  280. 
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at  tliG  top  ' water  is  put  in  so  as  to  fill  it  three-fourtlis  . 
by  a tube  perforating  the  top  and  passing  to  within  half 
an  inch  of  the  bottom,  air  is  blown  in,  which  rises  through 
the  water,  displacing  it,  and  causes  it  to  rise  into  the  other 
compartment : the  tube  being  closed,  the  pressure  of  this 
column  of  water  forces  out  the  air  by  a tube  with  a small 
aperture  at  the  top,  the  stream  of  which  may  be  directed 
on  the  flame  of  a lamp ; and  as  the  air  is  exhausted,  a 
fresh  quantity  may  be  blown  in.  An  apparatus,  on  a si- 
milar principle,  consisting  of  a large  glass  receiver  with  a 
stop-cock,  inserted  in  the  neck  of  an  WooUe’s  bottle,  so  as 
to  allow  water  to  run  in  and  expel  air,  has  been  proposed 
by  Mr  Hume.  The  common  gas-holder,  Fig.  48,  will  be 
more  powerful  in  effecting  the  same  purpose.  Still  more 
recently,  Mr  Brooke  applied  a condensing  syringe  so  as  to 
force  air  into  a reservoir  of  copper,  from  which  it  is  allowed 
to  escape  by  a tube  regulated  by  a stop-cock,  arid  having  a 
very  small  aperture.  This  apparatus,  represented  fig.  63, 
affords  a very  uniform  and^  powerful  stream  of  air  f.  Last- 
ly, the  vapour  of  spirit  of  wine  lias  been  employed,  a little 
of  the  spirit  being  put  into  a small  vessel  heated  over  the 
flame  of  a lamp,  and  the  vapour  conducted  through  a cur- 
ved tube  being  directed  on  the  flame  of  a candle,  or  of  a 
wick  placed  in  a different  part  of  the  same  tin  lamp  as  that 
by  which  the  s|)irit  is  heated  X ■ The  flame,  however;  is  not 
so  equable  as  that  urged  by  a current  of  aii,  and  the  me- 
thod is  expensive. 

All  these  contrivances  excite  heat,  from  combustion, 
principally  by  affording  a more  rapid  supply  of  air.  If, 
instead  of  common  air,  that  elastic  ingredient  of  the  atmo- 
phere,  oxygen  gas,  which  more  peculiarly  supports  com- 
bustion, be  supplied,  a still  more  intense  heat  will  be  cx- 


* Philosophical  Magazine,  vol.  xliv,  p.  1. 
f Annals  of  Philosophy,  vol.  vii,  p.  367. 
t Nicholson’s  Journal,  vol.  iii,  p.  I ; vol.  iv,  p.  106. 
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cited.  In  this  way,  accordingly,  we  can  raise  the  highest 
heat  which  can  be  obtained  by  artificial  arrangements. 

The  usual  method  is  to  form  a small  cavity  in  a piece 
of  charcoal,  which  is  kindled  by  directing  flame,  urged  by 
a blow-pipe,  upon  it;  the  substance  designed  to  be  opera- 
ted on  is  put  into  the  cavity,  and  a current  of  oxygen  gas 
is  directed  on  the  red  hot  charcoal,  from  a tube  with  a 
small  aperture  which  communicates  with  a gazometer  con- 
taining the  gas.  A series  of  experiments  were  made  in 
this  manner  by  Lavoisier.  All  the  metals  were  melted, 
and  with  the  exception  of  platina  were  either  dissipated  in 
vapour  or  made  to  burn.  The  earths,  with  the  exception 
of  lime,  magnesia,  and  barytes,  were  fused  ; and  all  the 
compound  earthy  fossils  were  either  melted  or  softened, 
and  in  general  their  colours  were  destroyed.  The  heat, 
Lavoisier  remarked,  is  superior  to  that  excited  by  the  con- 
centration of  the  solar  rays  by  the  most  powerful  burning 
glass;  as  in  the  focus  of  the  great  burning  glass  of  I'schirn- 
hausen,  platina  is  either  not  changed,  or  after  long  ex- 
posure is  only  agglutinated,  and  jasper,  and  several  other 
fossils,  suffer  no  alteration,  while  on  the  burning  charcoal, 
excited  by  oxygen  gas,  all  these  substances  are  quickly 
fused  *.  If  the  stream  of  gas  be  urged  on  the  flame  of  oil 
from  a lamp,  an  intense  heat  is  also  excited,  though  infe- 
rior to  that  from  burning  charcoal.  Dr  Marcet  found  the 
heat  from  the  flame  of  s|)irit  of  wine  excited  by  the  gas,  so 
intense,  as  instantly  to  melt  platina  and  quartz  f. 

Ehrman  prosecuted  Lavoisier’s  experiments,  and  ap- 
pears to  have  obtained  even  a more  intense  heat ; as  he  vo- 
latilized platina,  and  fused  barytes  and  magnesia,  lime 
being  the  only  earth,  and  indeed  the  only  substance,  which 
was  infusible  L A series  of  similar  experiments,  by  a so- 


* Memoires  de  I’Acad.  des  Sciences,  1783,  p.  563. 
f Annals  of  Philosophy,  vol.  li,  p.  99. 

J Essai  d’un  Art  de  Fusion. 
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ciety  in  London,  is  related  in  the  eighth  volume  of  the  Phi- 
losophical 

Another  mode  of  increasing  heat  by  oxygen  gas  is  that 
of  presenting  a current  of  it  to  a current  of  hydrogen  gas, 
and  kindling  the  stream  of  the  mixed  gas,  each  gas  being 
allowed  to  issue  from  a separate  gazometer,  and  being  un- 
ited in  a common  metallic  tube,  of  small  width  and  length, 
and  the  mixed  stream  being  kindled  at  the  aperture  of 
the  tube.  'Phe  heat  is  even  more  intense  than  that  pro- 
duced by  directing  oxygen  gas  on  burning  charcoal,  silex, 
barytes  and  strontites  having  been  melted  by  it,  as  well  as 
several  mineral  bodies  which  resist  fusion  in  the  other  me- 
thod. rhese  results  were  obtained  by  Mr  Hare  of  Phi- 
ladelphia, by  whom  this  method,  and  the  apparatus  for 
applying  it  were  invented  Some  additional  experiments 
were  given  by  Mr  Silliman  f*  And  more  recently,  the 
method  has  been  applied  with  much  effect  by  means  of  the 
blow-pipe  of  Mr  Brooke,  Fig.  63;  the  mixture  of  the 
two  gases  in  the  due  proportion  for  a perfect  combustion, 
that  is,  two  measures  of  hydrogen  and  one  measure  of  oxy- 
o-en  being  put  into  a bladder,  which  is  connected  with  an 
apenure'at  the  top  of  the  condensing  syringe,  the  gas  is 
then  forced  into  the  reservoir,  in  a state  of  condensation, 
and  being  allowed  to  escape  at  the  aperture  of  the  tube,  is 
inflamed"  The  advantage  of  this  method,  independent  of 
its  facility,  is,  that  the  proportions  of  the  two  gases  are 
more  accurately  adjusted  than  when  they  are  in  separate 
reservoirs,  and  the  mixture  perhaps  acts  with  more  strength 
in  its  state  of  condensation.  "1  he  heat  appears,  from  the 
extensive  series  of  experiments  by  Dr  Claike,  to  exceed  f 
in  intensity  that  obtained  by  any  other  arrangement.  But 


* Philosophical  Magazine,  vol.  xiv,  p.  301. 
j-  American  Mineralogical  Journal, 
f Annals  of  Philosophy,  vol.  viii.  and  ix. 
Journal  of  Science,  vol.  ii. 
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it  is  attended  with  much  risk  of  explosion  from  the  flame 
passing  back  to  the  reservoir.  To  obviate  this,  various  me- 
thods have  been  employed.  The  risk  is  less,  when  a very 
narrow  tube,  discharging  the  gas,  is  employed.  And 
conformable  to  a principle  pointed  out  by  Sir  H.  Davy, 
on  which  his  safety  lamp  is  founded,  that  flame  does  not 
pass  through  small  riietallic  tubes  or  apertures  so  as  to 
communicate  explosion,  additional  security  has  been  given 
by  interposing  a sufficient  number  of  folds  of  fine  metallic 
wire  sieve  in  the  passage  between  the  res'ervoir  and  the 
tube  •,  or  by  transmitting  the  gas  in  part  of  the  passage 
through  a bundle  of  capillary  tubes.  Another  method  has 
been,  to  interpose  between  the  reservoir  and  the  dischar- 
ging tube  a small  cylindrical  chamber  half  filled  with  wa- 
ter, or  what  has  been  found  preferable,  with  oil,  through 
which  the  gas  is  made  to  pass,  so  that  if  an  explosion  takes 
place,  it  extends  only  to  the  surface  of  the  fluid.  Yet  even 
with  this  arrangement  explosions  have  occurred,  the  fluid 
being  liable  to  be  thrown  backwards  into  the  reservoir. 
A skreen,  therefore,  has  been  used,  interposed  between 
the  apparatus  and  the  operator,  the  tube  conveying  the 
gas  passing  through  it,  and  it  is  prudent  to  employ  always 
this  precaution.  The  apparatus,  in  any  form,  can  scarce- 
ly, however,  be  applied  to  any  important  practical  use, 
and  is  only  adapted  to  determine  the  fusibility  of  refrac- 
tory substances  *. 

Having  described  the  means  of  producing  augmentation 
of  temperature,  and  their  applications  to  practical  chemis- 
try, I have,  lastly,  to  state  the  methods  employed  to  re- 
duce temperature,  or  produce  cold.  These  are  Rarefac- 
tion, Evaporation,  and  Chemical  action. 

I have  already  stated,  that  when  by  the  removal  of  pres- 
sure, a gas  is  suddenly  rarefied,  its  temperature  is  redu- 


* Annals  of  Philosophy,  vol.  ix,  x,  xi. 
Journal  of  Science,  vol.  i.  and  ii. 
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ced.  This  is  apparent,  even  in  the  comparatively  slow 
rarefaction  of  air  in  working  the  air-pump,  a thermometer 
in  the  receiver  sinking,  as  Dr  Cullen  long  ago  remarked, 
two  or  three  degrees.  Darwin  observed,  that  a theimo- 
nieter  placed  in  the  stream  of  condensed  air,  expanding  as 
it  issues  from  the  receiver  of  an  air-gun,  sinks  5 or  7 de- 
grees. The  striking  phenomena  observed  in  the  fountain 
of  Hiero,  constructed  at  the  mines  ot  Chemnitz,  in  Hun- 
gary, afford  the  best  example  ot  the  production  of  cold, 
by  rarefaction.  In  this  engine,  the  air  in  a large  vessel 
is  compressed  by  a column  of  water,  i60  feet  in  height; 
on  opening  a stop-cock,  it  rushes  out  with  great  violence, 
and  in  expanding,  the  watery  vapour  which  existed  in  it, 
is  not  only  deposited,  but  is  congealed,  falling  like  snow', 
or  adhering  in  icicles  to  the  aperture  ot  the  stop-cock  . 

The  production  ot  cold  from  evaporable  fluids  exposed 
to  the  atmosphere  had  been  noticed  by  Mairan  and  by 
'Wilcke,  but  was  made  first  the  subject  ot  accurate  experi- 
ment, and  ascribed  to  the  evaporation  ot  the  fluid,  by  Dr 
Cullen.  He  observed,  that  a thermometer,  w hen  its  bulb 
was  immersed  in  spirit  ot  wine,  sunk  several  degrees  on 
suspending  it  in  the  air,  but  recovered  its  temperature 
when  it  had  become  dry.  With  other  liquids  the  same 
phenomenon  was  observed,  though  not  to  the  same  ex- 
tent : with  water  it  was  less,  and  with  ether  greater  f. 
Hence,  as  he  remarked,  the  cold  produced  is  greater  as 
the  fluid  is  more  evaporable.  He  found,  too,  that  it  is 
increased  by  whatever  accelerates  the  evaporation,  as  by  a 
current  ot  air  directed  on  the  wet  bulb,  it  it  be  wet  wdth 
w'ater,  and  the  evaporation  promoted  by  blowing  a cur- 
rent of  air  on  it,  the  temperature  sinks  about  5 degrees  of 
Fahrenheit  ; if  with  alkohol,  it  falls  12  degrees  ; and  from 
sulphuric  ether  the  tall  is  above  30  degrees.  It  the  ether 
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be  evaporated,  therefore,  from  a small  tube  containing  wa- 
ter, the  water  will  be  frozen  by  the  cold  produced.  It  a 
piece  of  linen  be  wrapt  round  the  bulb  of  a thermometer, 
be  moistened  with  rectified  ether,  and  exposed  to  a cur- 
rent of  air,  the  temperature  sinks  from  50°  to  5°.  Alko- 
hol  applied  in  the  same  way  sinks  it  to  31°,  and  water  to 
38°  *.  The  evaporation  being  more  rapid  when  the  liquid- 
is  placed  in  a jar  on  the  [date  of  the  air  pump,  and  the  air 
exhausted,  greater  cold  is  produced  ; and  in  this  way  also, 
as  Dr  Cullen  observed,  water  may  be  frozen  by  the  eva- 
poration of  ether,  by  placing  a second  receiver  over  the 
one  in  which  the  exhaustion  was  performed,  so  as  to  ex- 
clude the  heating  agency  of  the  atmosphere.  Dr  Higgins 
states,  that,  from  the  evaporation  of  ether  in  this  manner, 
in  frosty  weather,  the  temperature  is  reduced  40°  below 
32°  f.  And  Dr  Maicet  has  found,  that  quicksilver  may 
be  frozen  by  it. 

An  arrangement,  by  which  the  cold  from  evaporation 
is  increased,  has  been  ingeniously  contrived  by  Mr  Les- 
lie T When  the  evaporation  of  a fluid  is  accelerated  by 
placing  it  in  vacuo,  the  vapour  which  is  formed  from  it 
acts  by  its  elastic  force  in  retarding  the  progress  of  the 
evaporation,  and  it  is  laborious  and  difficult  by  continued 
exhaustion  to  remove  this.  Mr  Leslie  obviates  the  diffi- 
culty by  introducing  the  action  of  a substance  which  is 
powerful  in  absorbing  the  vapour,  placing,  for  example,  a 
capsule  containing  water  on  a standard  on  the  plate  of 
the  air-pump,  and  beneath  it  a shallow  vessel  containing 
sulphuric  acid  or  muriate  of  lime.  Either  of  these  ab- 
sorbs the  vapour  as  quickly  as  it  is  formed,  and  keeps  up 
a vacuum.  Hence  the  evaporation  proceeds  with  rapidi- 
ty, and  the  degree  of  cold  produced  in  consequence  is 


* Walker  on  Cold,  p.  82. 

•j-  Minutes  of  a Society  for  Philosophical  Experiments,  p.  81. 
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soon  sufficient  to  cause  the  water  to  freeze, — thus  produ- 
cing the  result,  rather  singular,  of  a fluid  being  frozen  by 
the  cold  produced  by  its  own  evaporation.  Mr  Leslie  has 
found,  that  other  substances,  still  more  convenient,  may 
be  employed  to  condense  the  vapour;  such,  for  example, 
as  the  calcined  powder  of  basalt  or  green  stone : And  he 
has  supposed,  that  the  method  may  be  economically  prac- 
tised to  form  ice  on  a large  scale.  And  by  other  arrange- 
ments, the  intensity  of  the  cold  may  be  increased  : by 
coating,  for  example,  the  bulb  of  a mercurial  thermometer 
with  ice,  and  suspending  it,  exposed  in  a similar  manner 
to  the  action  of  sulphuric  acid  in  the  vacuum  of  a power- 
ful air-pump,  he  succeeded  in  freezing  the  quicksilver  in 
the  bulb,  the  cold  being  rendered  so  intense  by  the  rapid 
evaporation  of  the  ice,  attended,  of  course,  with  a still 
greater  augmentation  of  capacity  than  attends  the  transi- 
tion of  water  into  vapour.  Dr  Wollaston  has  introduced 
a variation  in  the  experiment,  in  an  instrument  which  he 
has  named  the  Cryophorus,  consisting  of  two  glass  balls, 
connected  by  a glass  tube  eight  or  ten  inches  in  length, 
bent  at  right  angles  at  both  extremities  an  inchortwoabove 
each  ball.  A portion  of  water  is  put  into  the  balls  suffi- 
cient to  fill  one  of  them  about  one-half;  it  is  made  to  boil 
so  as  to  expel  the  atmospheric  air  by  an  aperture  in  the 
tube  : this  aperture  is  then  hermetically  sealed  ; the  in- 
cluded water  is  collected  in  one  ball,  the  other  ball  is  sur- 
rounded by  a freezing  mixture,  the  cold  of  which  conden- 
ses the  vapour  it  contains,  and  continues  to  condense  the 
fresh  quantity  of  vapour  formed,  so  as  to  cause  the  eva- 
poration to  proceed  with  a rapidity  sufficient  to  produce 
a degree  of  cold  adequate  to  the  freezing  of  the  water  *. 

Dc'^rees  of  cold  more  intense  are  obtained  by  the  che- 
mica!  action  of  certain  substances  on  each  other.  In  such 
cases,  the  cold  is  produced  by  the  mutual  action  either  of 
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two  solid  bodies,  or  of  a solid  and  a fluid,  which  in  the 
progress  of  that  action  pass  into  the  liquid  state ; and  to 
this  change  of  form  the  absorption  of  caloric,  which  causes 
the  reduction  of  temperature,  is  owing. 

The  principal  ingredients  of  these  Freezing  Mixtures 
as  they  are  named,  are  substances  belonging  to  the  class 
of  salts.  Many  salts,  while  dissolving  in  water,  produce 
considerable  cold.  By  adding  nitre  to  water,  in  as  large 
a quantity  as  can  be  dissolved,  the  temperature  is  reduced 
17  degrees ; and  by  dissolving  muriate  of  ammonia  in  wa- 
ter, in  the  same  way,  26  or  28  degrees;  Nitrate  of  am- 
monia in  fine  powder,  added  to  an  equal  weight  of  water, 
in  dissolving,  reduces  the  temperature  from  50°  of  Fah- 
renheit to  4° : and  3 parts  of  muriate  of  lime,  added  to  2 
of  water,  sink  it  from  36°  to  — i°. 

As  water,  although  saturated  with  one  salt,  will  dissolve 
a portion  of  a second,  and  even  of  a third,  it  is  possible, 
by  adding  two  or  more  salts  to  water,  to  obtain  a greater 
cold  than  from  the  solution  of  one.  Mr  Walker,  to  whom 
this  had  occurred,  produced,  by  mixtures  of  this  kind,  de- 
grees of  cold  which  were  formerly  not  obtained  without 
the  assistance  of  ice. 

One  of  the  most  convenient  of  these  mixtures  is  compo- 
sed of  equal  parts  of  muriate  of  ammonia  and  nitre  redu- 
ced to  powder.  Five  parts  of  this  mixture,  added  to  eight 
parts  of  water  at  50°,  reduce  the  temperature  to  1 1°.  And 
what  renders  it  economical  is,  that  by  evaporation  of  the 
solution,  the  dry  mass  obtained  answers  equally  as  before, 
and  in  this  way,  when  recovered  for  the  twelfth  time,  had 
the  same  effect  *.  Six  parts  of  nitrate  of  ammonia,  and  six 
of  carbonate  of  soda,  added  to  six  of  water,  reduce  the 
temperature  from  .50®  to  — 7°,  which  is  the  greatest  cold 
obtained  from  adding  salts  to  water. 

When  salts  are  dissolved  in  acids  more  or  less  diluted, 
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Still  more  intense  colds  are  produced,  owing  to  the  solu- 
tion proceeding  more  rapidly.  Sulphate  of  soda,  added 
to  nitrous  acid  diluted  with  1 part  of  water,  gives  a fall  of 
temperature  from  51°  to — 1°;  added  to  sulphuric  acid 
diluted  with  an  equal  weight  of  water,  the  reduction  is 
from  50°  to  5°  ; and  three  parts  of  the  salt  in  fine  powder, 
with  two  parts  of  muriatic  acid,  reduce  the  temperature 
from  50°  to  0.  When  mixed  salts  are  used,  the  degrees 
of  cold  are  rather  greater.  Phosphate  of  soda  9 parts,  ni- 
trate of  ammonia  6 parts,  and  diluted  nitric  acid  'i-  parts, 
form  the  most  powerful  of  these  mixtures,  and  cause  the 
thermometer  to  descend  from  50°  to — 21^.  By  a succes- 
sive application  of  thtse  mixtures  of  salts  with  acids,  so  as 
to  reduce  the  temperature  of  the  materials,  Mr  Walker 
succeeded  in  freezing  quicksilver 

It  has  been  long  known,  that  ice  or  snow,  added  to 
acids,  dissolves  quickly,  and  during  its  solution  produces 
considerable  cold.  An  observation  of  this  kind  was  made 
by  Boyle,  though  not  much  attended  to.  Experiments  on 
the  powers  of  the  different  acids  were  afterwards  made  by 
different  chemists;  and  by  the  cold  thus  produced,  Brauii 
first  succeeded  in  freezing  quicksilver,  the  experiment  ha- 
ving been  made  at  Petersburgh  when  the  temperature  of 
the  atmosphere  was  low  f.  The  cold  varies  according  to 
the  acid  employed,  and  its  state  of  concentration.  Ac- 
cording to  Lowitz,  when  the  acids  are  undiluted,  muria- 
tic acid  produces  the  greatest  cold,  nitrous  next,  and  sul- 
pha ric  acid  gives  the  least ; the  first,  sinking  the  tempe- 
rature from  the  freezing  point  of  water  to  — 29°  of  Fah- 
renheit, the  second  to — 22°,  and  the  third  to  — 1 1° 
When  diluted,  however,  the  sulphuric  acid  exceeds  the 
other,  a degree  of  cold  equal  to — 78°  having  been  produ- 
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i ced  from  its  action  on  snow  at  a very  low  natural  tempe- 
rature. 

From  the  mutual  action  of  snow  or  ice,  and  solid  salts, 
great  reductions  of  temperature  are  also  produced.  Ihe 
experiments  of  Fahrenheit,  in  which  he  obtained  th'e  de- 
gree of  cold  at  which  he  commenced  the  scale  of  his  ther- 
mometer, by  mixing  snow  with  sea-salt,  or  with  muriate 
of  ammonia,  have  been  long  known.  Lowitz  has  more 
particularly  attended  to  this  variety  of  freezing  mixture. 
The  temperature  of  the  atmosphere  being  of  Fahren- 
heit, a mixture  of  dry  potash  with  snow,  he  found,  redu- 
ced the  temperature  to  —53°.  A similar  mixture  with  so- 
da »ave  a cold  of  only — 15°.  Other  saline  substances 
gave  similar  low  temperatures,  particularly  nitrate  oflime, 
muriate  of  magnesia,  muriate  of  iron,  and  acetate  of  po- 
tash but  these  were  all  inferior  in  producing  cold,  to 
the  potash.  Muriate  of  lime,  however,  he  found  to  be  still 
more  powerful.  The  degree  of  cold  produced  varies  ac- 
cording to  the  proportions ; but  the  greatest  was  with  4 
parts  of  the  salt  and  3 of  snow,  which  sink  the  tempera- 
ture from  5°  to— 56°  f.  Quicksilver  congealing  at— 40°  ; 
its  congelation  can  be  easily  obtained  by  this  mixture. 

These  experiments  have  been  often  repeated  ; and  the 
effects  of  these  intense  colds,  on  a number  of  substances, 
have  becn*ascertained.  By  mixtures  of  diluted  acids  with 
snow,  and  of  muriate  of  lime  with  snow,  Fourcroy  and 
Vauquelin  produced  reductions  of  temperature  to  50°,  60°, 
and  even  to  65°  below  the  commencement  of  Fahrenheit’s 
scale.  A saturated  solution  of  ammonia  in  water  crystal- 
at 44°,  and  at — 56  was  con  verted  into  a semi-trans- 

parent mass,  and  lost  nearly  all  its  odour  j nitious  acid 
crystallized  at  the  latter  temperature;  at— 18°  sulphuric 
ether  became  thick  and  milky,  and  at  length  formed  a 
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white  mass,  composed  of  small  crystals  ; alkohol  could  not 
be  congealed  *.  Guyton,  by  transmitting  ammonia  in  its 
gaseous  form,  and  deprived  as  much  as  possible  of  water, 
into  a balloon,  cooled  by  a mixture  of  muriate  of  lime  and 
snow,  found  it  condensed  into  a liquid  at  — 48°  of  the  cen- 
tigrade scale,  or  — 5b°  of  Fahrenheit  f. 

In  conducting  the  process  of  artificial  refrigeration,  a 
number  of  circumstances  require  to  be  attended  to,  in  some 
measure  varied  according  to  the  kind  of  freezing  mixture 
which  is  used.  In  obtaining  cold  from  the  solutions  of 
salts  in  water,  or  in  acitls,  it  is  necessary  that  the  salts 
should  be  fresh  crystallized,  neither  efflorescent  nor  humid, 
and  reduced  to  fine  powder  ; the  materials  ought  to  be 
quickly  and  thoroughly  mixed  ; the  vessel  should  be  just 
large  enough  to  contain  the  mixture  ; and  the  vessel  in 
which  the  substance  to  be  subjected  to  refrigeration  is  con- 
tained, ought  to  be  of  glass,  and  thin.  In  employing  mix- 
tures of  snow  with  acids  or  salts,  the  snow  should  be  loose, 
dry,  and  if  possible  newly  fallen;  the  quantities  of  mate- 
rials should  be  mixed  at  once  in  the  due  proportion,  and 
as  quickly  as  possible.  If  muriate  of  lime  be  employed,  it 
should  be  dry,  and  in  fine  powder.  Lowitz  directs  that 
it  should  be  in  that  state  in  which  it  is  crystallized  with 
the  largest  quantity  of  water  of  crystallization,  by  putting 
its  solution  to  cool,  when  of  the  density  of  1.5  or  1.53,  an 
observation  confirmed  by  Walker.  In  cooling  the  mate- 
rials, where  this  is  requisite,  they  ought  to  be  put  into  se- 
parate glass  or  tin  vessels,  placed  in  a freezing  mixture  of 
the  requisite  power , but  care  must  be  taken  not  to  cool 
them  beyond  that  point  at  which  they  act  on  each  other, 
or,  in  other  words,  near  to  that  at  which  the  liquid  result- 
ing from  their  mutual  action  congeals.  Thus,  if  snow  and 
salt  are  mixed  at  — 10°  of  Fahrenheit,  thev  exert  no  mu- 
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tual  action  j or  if  snow  and  potash  be  mixed,  each  at  — 69°, 
they  remain  solid  ; but  if  the  temperatuie  be  raised  to 
— 5S®,  their  siction  commences,  and  a cold  is  produced  of 
— 70°.  Lastly,  the  due  proportions  of  the  ingredients 

should  be  observed  ; for  any  considerable  excess  of  either, 
merely  communicates  caloric  to  the  mixture  during  the 
refrigeration,  and  so  far  diminhhes  the  effect. 

The  cold  produced  by  all  these  mixtures  is  to  be  as- 
cribed to  the  absorption  of  caloric,  which  attends  the  ra- 
pid liquefaction  of  the  materials  from  their  chemical  ac- 
tion, and  is  ultimately  to  be  referred  to  the  enlargement 
of  capacity  consequent  on  that  change  of  form  ; the  cold 
produced  being  greater  as  the  capacity  is  more  enlarged. 
This  view  was  presented  by  Dr  Irvine  *.  Although  it  is 
the  ultimate  principle  of  the  theory,  there  are  some  inter- 
mediate facts,  which,  for  its  full  illustration,  require  to  be 
stated. 

Thus,  we  may  in  some  measure  predict,  what  substan- 
ces are  best  fitted,  by  their  mutual  action,  to  produce  cold, 
— what  degree  of  cold  may  be  expected,  from  their  mix-  ' 
ture  in  any  given  case, — what  will  be  the  maximum  of  re- 
frigeration,— and  what  wall  be  the  best  proportions  of  the 
materials  to  obtain  that  maximum. 

It  is  obvious,  that  those  substances  will  produce  the 
greatest  cold,  which,  by  mutual  action,  produce  the  most 
rapid  solution, — which,  during  that  solution,  suffer  the 
greatest  augmentation  of  capacity, — and  which  form  a so- 
lution that  at  low  temperatures  remains  liquid.  There  is 
perhaps  no  individual  mixture  in  which  all  these  circum- 
stances are  present  to  the  greatest  extent ; yet  the  know- 
ledge of  them  enables  us  to  point  out  the  respective  powers 
of  the  different  mixtures  which  are  employed. 

Thus,  in  the  solution  ot  a salt  in  water,  there  is  merely 
the  gradual  transition  of  the  solid  to  the  fluid  form  ; hence 
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the  cold  produced  is  not  considerable.  When  two  salts 
are  mingled  together,  these,  by  their  reciprocal  action, 
both  accelerate  the  solution  of  each  other,  and  enable  a 
given  quantity  of  water  to  dissolve  a greater  quantity  ; as 
more  solid  matter,  therefore,  passes  to  the  fluid  state,  and 
passes  more  quickly,  a greater  portion  of  caloric  is  absorb- 
ed, and  a greater  degree  of  cold  is  produced.  The  at- 
traction of  acids  to  water,  or,  to  state  it  more  correctly,  to 
the  solid  matter  of  water,  is  strong,  and  their  mutual  ac- 
tion is  energetic ; ice  too  is  a subsiance  which,  in  its  tran- 
sition to  fluidity,  suffers  a very  considerable  augmentation 
of  capacity  ; hence  it  may  be  concluded,' what  experiment 
proves  to  be  just,  that  from  the  action  of  acids  on  snow  or 
ice,  a great  degree  of  cold  will  arise.  Lastly,  in  the  mix- 
ture of  two  solid  substances,  which  by  mutual  action  pass 
to  fluidity,  the  enlargement  of  capacity  must  be  greater, 
and  a greater  diminution  of  temperature  produced.  It  is 
so  in  fact;  at  the  same  time  there  is  a limit  placed  to  it, 
from  two  solids  acting  with  greater  slowness  than  a solid 
and  fluid  do  ; the  transition  to  fluidity  is  therefore  more 
gradual,  and  the  caloric  not  so  rapidly  absorbed.  Hence 
the  cold  which  is  produced  in  these  cases,  is  not  equal, 
as  Blagden  observed,  to  the  cold  arising  from  the  solution 
of  the  salt  in  water,  added  to  the  cold  that  would  also  a- 
rise  from  the  sudden  liquefaction  of  the  ice.  This  is  the 
reason  why  mixtures  of  acids  with  snow  or  ice  are  often 
equal  to  the  n)ixturcs  with  solid  salts  ; because,  although 
in  the  latter  case  more  matter  passes  to  the  fluid  form,  in 
the  former  a given  quantity  is  liquefied  more  rapidly.  And 
those  salts  which  produce  the  greatest  cold  are  those  which 
exert  the  slrongt^t  attraction  to  water,  and  act  on  it  most 
rapiilly,  as  potash  and  muriate  of  lime. 

There  is  another  principle  to  be  attended  to,  which  in 
these  mixtures ^modifies  the  quantity  of  caloric  absorbed 
from  the  li(]uefaction.  Although  tlie  indirect  consequence 
of  the  chemical  action  between  the  substances  mixed,  is 
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absorption  of  caloric,  in  consequence  of  the  liquefaction  it 
occasions,  yet  its  direct  tendency  is  to  evolve  caloric,  by 
the  increase  of  density  which  it  occasions,  independent  of 
change  of  form.  Hence  two  effects  arise  from  the  mutual 
action  of  the  ingredients  of  freezing  mixtures-,  evolution 
of  caloric,  as  the  result  of  the  combination,  and  absorption 
of  caloric,  as  the  result  of  the  liquefaction  to  which  the 
combination  gives  rise;  and  the  ultimate  effect  is  com- 
pounded of  these,  so  that  the  actual  change  of  tempera- 
ture is  only  the  excess  of  the  one  over  the  other. 

It  may  even  happen,  that  the  one  shall  exactly  counter- 
balance the  other ; of  this  there  is  an  example  in  the  solu- 
tion of  sulphate  of  soda  in  alkohol,  which  produces  neither 
heat  nor  cold  ; or,  it  may  happen,  that  the  heat  from  con- 
densation shall  exceed  the  cold  from  liquefaction,  as  in  the 
solution  of  potash  in  water. 

The  general  principle  now  stated  is  exemplified  in  the 
action  of  acids  on  ice,  and,  as  applied  to  this  case,  is  clear- 
ly stated  by  La  Place  ; “ If  the  mixture  of  an  acid,  with  a 
given  quantity  of  water,  produce  heat,  in  mixing  that  acid 
with  the  same  quantity  of  ice,  it  will  produce  heat  or  cold, 
according  as  the  heat  which  results  from  its  mixture  with 
water  is  more  or  less  considerable  than  that  which  is  ne- 
cessary to  melt  the  ice 

On  this  principle  many  of  the  facts  connected  with  the 
operation  of  freezing  mixtures  are  explained.  Thus  we 
perceive  why  concentrated  sulphuric  acid  poured  on  snow 
or  ice  produces  at  first  heat  instead  of  cold  ; the  action  is 
so  energetic  that  the  caloric  evolved  from  the  combination 
is  superior  to  what  is  absorbed  by  the  liquefaction.  But 
when  the  acid  is  combined  with  a portion  of  water,  its  affi- 
nity being  thus  weakened,  its  ai  tion  is  less  energetic,  and 
less  augmentation  of  temperature  attends  their  union. 
Hence  in  the  progress  of  the  experiment  in  which  thecon- 


• Mcmolres  de  I’Acad.  des  Sciences,  1780,  p.  39?. 
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ccntratecl  acid  is  poured  on  snow,  although  heat  is  at  first 
produced,  it  is  soon  succeeded  by  cold  ; or  if  the  acid  has 
been  previously  diluted  with  a portion  of  water,  it  will, 
when  added  to  the  snow,  immediately  produce  cold.  Even 
nitric  acid,  as  Cavendish  observed,  produces  at  first  a de- 
gree of  heat  when  added  to  snow,  but  when  diluted  wdth 
^th  of  water,  it  immediately  occasions  cold.  The  requi- 
site dilution  is,  therefore,  less  in  nitric  than  it  is  in  sul- 
phuric acid,  and  it  is  still  less  in  muriatic;  and  we  per- 
ceive the  reason  of  this, — these  acids  evolving  less  caloric 
when  they  combine  with  water  than  sulphuric  acid  does, 
and,  therefore,  counteracting  less  the  cold  from  the  lique- 
faction. And,  lastl)',  if  the  dilution  of  the  acid  be  carried 
too  far,  its  attraction  may  be  so  much  weakened,  that  its 
action  on  the  snow  will  be  feeble,  the  liquefaction  will  be 
performed  slowly,  and  no  great  cold  will  be  occasioned. 

In  the  other  kind  of  freezing  mixtures,  there  can  be  no 
doubt  that  the  same  circumstance  operates.  The  heat 
from  combination  always  counteracts  the  cold  from  lique- 
faction ; it  is  only  the  excess  that  prevails,  and  in  no  case 
is  the  whole  reduction  of  temperature  that  w'ould  arise 
from  the  liquefaction  of  the  quantity  of  matter  employed, 
obtained.  This  explains  the  fact,  that  crystallized  salts 
produce  more  cold  than  the  same  salts  deprived  of  their 
w’ater  of  crystallization  ; as  by  its  presence,  the  mutual  ac- 
tion of  the  salt  and  the  substance  mixed  with  it  is  render- 
ed less  energetic,  and  therefore  less  heat  is  evolved  from 
the  combination  ; and  probably  water,  in  becoming  liquid, 
suffers  a greater  enlargement  of  capacity  than  a salt  does ; 
which  will  increase  the  refrigerating  power  of  the  crystal- 
lized salts. 

From  these  observations,  it  follow^s,  that  the  greatest 
cold  will  be  from  the  mutual  action  of  substances  which 
pass  most  quickly  into  the  fluid  state,  and  which  in  that 
transition  have  their  capacities  most  enlarged.  But  as  this 
rapid  action  is  the  result  of  an  energetic  affinity,  this  may 
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counteract,  by  the  evolution  of  caloric  to  which  it  gives 
rise,  the  cold  that  would  be  produced.  In  all  cases,  there- 
fore, there  will  be  a certain  state  of  concentration  of  the 
materials,  and  a certain  proportion  of  them,  from  which 
the  greatest  cold  will  be  obtained. 

It  may  be  remarked,  too,  that  w’e  do  not  obtain  the  re- 
duction of  temperature  to  the  lowest  point  in  the  thermo- 
metrical  scale  from  those  mixtures  which,  during  their 
mutual  action,  absorb  most  caloric.  If  we  take  two  freez- 
ing mixtures  at  32^,  the  one,  for  example,  muriate  of  lime 
and  snow,  the  other  diluted  sulphuric  acid  and  snow,  the 
former  will  produce  more  cold  than  the  latter,  it  will  sink 
the  thermometer  to  — 40^  or  — 50°,  while  the  other  will 
sink  it  to  not  more  than  — 25°.  But  we  may  reach  a low- 
er point  in  the  scale  of  temperature,  by  successive  appli- 
cations of  diluted  sulphuric  acid  and  snow,  than  we  can 
do  by  muriate  of  lime  and  snow ; for,  past  a certain  tem- 
perature, the  latter  mixture  does  not  liquefy,  but,  on  the 
contrary,  w'ere  it  liquid  would  become  solid,  while  the  for- 
mer remains  liquid  at  lower  temperatures  than  this.  If 
W’e  cool,  previous  to  mixture,  muriate  of  lime  and  snow  to 
— 73°,  no  advantage  is  gained  ; for  they  cannot  produce 
a temperature  lower  than  this,  as  their  combination  can- 
not exist  liquid  below  that  point ; and  even  by  approach- 
ing closely  to  it  before  mixture,  we  diminish  their  mutual, 
action,  by  adding  to  the  cohesion  of  each.  But  by  pre- 
viously cooling  diluted  sulphuric  acid  and  snow,  an  im- 
portant advantage  is  gained  ; the  same  limit  is  not  placed 
to  their  mutual  action,  and  the  lower  the  temperature  is 
reduced,  it  is  obvious,  that  the  lower  will  the  temperature 
be  that  results  from  their  mutual  action,  down  to  the  point 
at  which  the  liquid  formed  by  the  action  of  the  acid  on  the 
snow  contreals. 

The  cold,  therefore,  from  a freezing  mixture,  can  never 
exceed  that  point  at  which  the  liquid  resulting  from  that 
mixture  congeals  or  crystallizes,  and  must  indeed  alvvavs 
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be  a degree  or  two  above  it.  A saturated  solution  of  sea- 
salt  in  water  congeals  at  a few  degrees  below  0 of  Fahren- 
heit ; and  hence  the  cold  resulting  from  that  salt  mixed 
with  ice  is  never  lower  than  this.  This  gives  us  the  rea- 
son why  sulphate  of  soda  scarcely  produces  any  cold  when 
mixed  w'iih  ice,  as  it  lowers  the  freezing  point  of  water 
only  a few  degrees,  while  potash  or  muriate  of  lime  pro- 
duce intense  colds,  as  they  lower  that  point  to  a much 
greater  extent.  It  also,  in  some  measure,  determines  the 
proportions  in  which  the  substances  should  be  mixed ; 
those  being  best,  in  which  the  action  shall  be  most  rapid, 
without  being  too  energetic  to  evolve  heat  from  the  com- 
bination ; and  in  which  the  resulting  solution  is  of  that 
strenoth  that  is  least  liable  to  congeal  or  crystallize.  A 
little  sea- salt  added  to  water  depresses  its  freezing  point 
only  a few  degrees ; and  therefore,  to  add  a small  portion 
of  it  to  snow,  cannot  produce  much  cold  ; while,  when 
added  until  the  water  is  saturated,  that  is  in  the  propor- 
' tion  of  1 of  salt  to  ‘2^  of  snow,  the  freezing  point  is  lower- 
ed to  — 6°  ; and  therefore,  by  adding  it  in  that  proportion 
to  snow,  nearly  that  temperature  is  attained. 

A table  of  the  different  freezing  mixtures,  with  their 
pow’ers  in  reducing  temperature,  is  inserted,  with  the  other 
tables  connected  with  the  subject  of  caloric,  concluding 
this  chapter. 
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TABLES  CONNECTED  WITH  THE  RELATIONS  OF  CALO- 
RIC, REFERRED  TO  IN  THE  PRECEDING  SECTIONS. 


TABLE.S  OF  CORRESPONDENCE  OF  THE  DIFFERENT  THERMOME- 
TRICAL  SCALES,  REFERRED  TO  PAGE  215. 


TABLK  POE  Reaumur’s  thermometer. 


Reau. 

1 Cent, 

Fahr. 

Reau 

Cent. 

Fahr. 

i Reau 

Cent. 

Fahr,  1 

80 

,100. 

212. 

42 

; 52.5 

126.5 

i 

5. 

41.  1 

79 

98.75 

209.75 

41 

i 51.25 

124.25 

o 

3.75 

88.75 

78 

97.5 

207.5 

40 

I 50. 

122. 

2 

2.6 

36.5 

77 

96.25 

205.25 

39 

; 48.75 

119.75 

1 

1.25 

84.25 

76 

95. 

203. 

38 

! 47.5 

117.5 

0 

0 

82. 

75 

93.75 

200.75 

37 

i 46.25 

115.25 

-1 

-1.25 

29.75 

74 

92.5 

198.5 

36 

45. 

113. 

-2 

-2.5 

27.5 

73 

91.25 

196.25 

55 

4.3.75 

110.75 

-3 

-3.75 

25.25 

72 

90. 

191. 

34 

42.5 

108.5 

-4 

-5. 

23. 

71 

88.75 

191.75 

33 

41.25 

106.25 

-5 

-6.25 

20.75 

70 

87.5 

189.5 

32 

40. 

104. 

-6 

-7.5 

18.5 

69 

86.25 

187.25 

31 

38.75 

101.75 

-7 

-8.75 

16.25 

68 

85. 

18,5. 

30 

37.5 

99.5 

-8 

-10. 

14. 

67 

83.75 

182.75 

29 

36.25 

97.25 

-9 

-11.25 

11.75 

66 

82.5 

180.5 

28 

55. 

95. 

-10 

-12.5 

9.5 

65 

81.25 

173.25 

27 

33.75 

92.75 

-1 1 

-13.75 

7.25 

64 

80. 

76. 

26 

32.5 

90.5 

-12 

-15. 

5. 

63 

78.75 

173.75 

25 

31.25 

83.25 

-13 

-16.25 

2.75 

62 

77.5 

171.5 

24 

30. 

86. 

-14 

-17.5 

0.5 

61 

76.25 

169.25 

23 

28.75 

83.75 

-15 

-18.75 

-l.”5 

60 

75. 

167. 

22 

27.5 

81.5 

-16 

-20. 

-4. 

59 

73.75 

164.75 

21 

26.25 

79.25 

-17 

-21.25 

-6.25 

5S 

72.5 

162.5 

20 

25. 

77. 

-18 

-22.5 

. -8.5 

57 

71.25 

160.25 

19 

23.75 

74.75, 

-19 

-23. ''5 

-10.75 

56 

70. 

158. 

18 

22.5 

72.5 

-20 

-25. 

-18. 

55 

63.75 

155.75 

17 

21.25 

70.25 

-21 

-26.25  , 

-15.25 

54 

67.5 

153.5 

16 

20. 

68.  ; 

-22 

-27.5 

-17.5 

53 

66.25 

151.25 

15 

18.75 

65.75, 

-23 

-28.75 

-19.75 

52 

65. 

149. 

14 

17.5 

65.5  1 

-24 

-50, 

-22. 

51 

63.75 

146.75 

13 

16.25 

61.25 

-25 

-31.25 

-24.25 

50 

62.5 

144.5 

12 

15. 

59. 

-26 

-32.5 

-26.5 

49 

61.25 

142.25 

11 

13.75 

56.75 

-27 

-83.75 

-28.75 

48 

60. 

140. 

10 

12.5 

54.5 

-28 

-35* 

-31. 

47 

58.75 

137.75 

9 

11.25 

52.25 

-29 

-56.25 

-38.25 

46 

57.5 

135,5 

8 

10. 

50. 

-50 

-.87.5 

-35.5 

45 

56.25 

133.25 

t 

8.75 

47.75 

-3 1 

38.75 

-37.75 

44  i 

55. 

131. 

6 

7.5 

45.5 

-52 

-40. 

-40. 

43  : 

5.3.75 

128.75 

5^ 

6.25 

43.25 

-33 

-41.25 

-42.25 
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Cent. 

Beau. 

la/ir.  6 

'em. 

Beau. 

100 

80. 

212. 

53 

-.2,4 

99 

79.2 

2102  ‘ 

52 

41.6 

98 

78.4 

208.4 

51 

40.8 

97 

77.6 

206.6 

50 

40. 

96 

76.8 

204.8  I 

49 

39.2 

95 

76. 

203. 

48 

38.4 

94 

75.2 

201.2  . 

47 

37,6 

93 

74.4 

199.4  ! 

46 

36,8 

92 

75.6 

197.6  1 

45 

36. 

91 

72.8 

195.8 

44 

35.2 

90 

72. 

194.  1 

43 

54.4 

89 

71.2 

192.2  i 

42 

53.6 

88 

70.4 

190.4  ; 

41 

3-i.8 

87 

69.6 

188.6  1 

40 

32. 

86 

68.8 

186.8  j 

39 

51,2 

85 

68. 

185.  1 

38 

30.4 

84 

67.2 

185.2  i 

57 

29.6 

88 

66.4 

181.4 

36 

28,8 

82 

65.6 

179.6  ; 

55 

28, 

81 

64.8 

177.8 

34 

27.2 

80 

64. 

176. 

33 

26.4 

79 

65.2 

174.2 

32 

25.6 

78 

62.4 

172.4 

31 

24.8 

77 

61.6 

170.6 

30 

24. 

76 

60.8 

168.8 

! 29 

23.2 

75 

60. 

167. 

, 28 

22.4 

74 

59.2 

165.2 

i 27 

1 21.6 

73 

58.4 

163.4 

: 26 

20.8 

72 

57.6 

161.6 

: 25 

20, 

71 

56.8 

159.8 

24 

19.2 

70 

56. 

158. 

i 23 

18.4 

69 

55.2 

156.2 

22 

17.6 

68 

54.4 

154.4 

‘ 21 

16.8 

67 

55.6 

152.6 

, 20 

16. 

66 

52.8 

150.8 

I 19 

15.2 

65 

52. 

149. 

' 18 

14.4 

64 

51.2 

147.2 

17 

13.6 

63 

50.4 

1 45.4 

I 16 

12.8 

62 

49.6 

145  6 

' 15 

12. 

61 

48.8 

141.8 

1.  14 

1 1.2 

60 

48. 

140, 

; 

10.4 

59 

47.2 

15«.2 

i 

9.6 

58 

46.4 

156.4 

11 

8.8 

57 

45.6 

134.6 

10 

8. 

56 

44.8 

132.8 

9 

7.4 

55 

44. 

151. 

8 

6.2 

54 

45.2 

129.2 

1 7 

5. 

Fahr.  ' Cent. 

Beau.  1 

Fahr. 

127.4  , 

6 ■ 

4.8 

42.8 

125.6  j| 

5 

4.  ) 

41. 

123.8 

4 

3.2 

39.2 

1 22. 

3 

2.4 

37.4 

120.2  j 

2 

1.6 

35.6 

118.4  i 

1 

0.8 

53.8 

116.6 

0 

0. 

32. 

114.8  ' 

-1 

-0.8  1 

30.2 

1 13. 

-2 

-1.6  1 

28.4 

111.2 

-3 

-2.4 

26.6 

109.4 

-4 

.5.2 

24.8 

107.6 

-4. 

23. 

105.8  1 

-6 

-4.8 

21.2 

104.  1 

-5.6 

19.4 

102.2  1 

-8 

-6.4 

17.6 

100.4  1 

-9 

-7.2 

15.8 

98.6  1 

,-10 

-8. 

. 14. 

96.8 

j-11 

-8.8 

12.2 

95. 

-12 

-9.6 

10.4 

95  2 

pl3 

.10.4 

8.6 

91.4 

|-14 

-1 1.2 

6.8 

89  6 

-15 

-12. 

5. 

87.8 

1-16 

-12.8 

3.2 

86 

j-17 

-15.6 

1.4 

84.2 

-18 

-14.4 

-0.4 

82.4 

-19 

-15.2 

-2.2 

80.6 

-20 

-16. 

-4. 

8.8 

-21 

. 6.8 

-5.8 

77. 

i-22 

-17.6 

-7.6 

75.2 

i-23 

-18.4 

-9.4 

73.4 

i-24 

-19.2 

-11.2 

71.6 

1-25 

-20. 

-1.3. 

69  8 

i-26 

.20.8 

.14.8 

68. 

-27 

-21.6 

-16.6 

'6.2 

1-28 

-22.4 

.18.4 

64.4 

j-29 

-23. 

-20.2 

62  6 

-30 

-24.2 

-22. 

60  8 

'-51 

-24.2 

-23.8 

59. 

-25. 

-25.6 

57.2 

i-33 

-26.8 

-27.4 

55.4 

-34 

.27. 

-29.2 

53.6 

1-35 

.28. 

-51, 

51.8 

-36 

X 

1 

-52.8 

50. 

'-.37 

.28. 

-54.6 

43.4 

i-38 

-30. 

-36.4 

46.2 

-39 

-51. 

-38. 

44  6 

!-40 

.32, 

-40. 
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Fahr. 

Reau. 

Cent. 

Fahr. 

Reau, 

Cent. 

Fahr. 

1 Reau. 

1 Ctenf. 

2Tij 

80.00 

100.00 

170 

61.33 

76.66 

128 

; 42.66 

! 55  -:3 

211 

79.55 

99.44 

169 

60.88 

76.11 

1 27 

I 42.22 

j 52  77 

2)0 

79.1 1 

98.88 

168 

60.44 

75.55 

126 

41.77 

52.22 

209 

78.66 

98  3 

167 

60.00 

75.00 

125 

41.33 

51.66 

203 

78.22 

97  77 

166 

59.55 

74.44 

124 

40.88 

51.11 

207 

77.77 

97.22 

165 

59.11 

73.88 

1 23 

40.44 

50.55 

206 

77.83 

96  66 

164 

58.66 

73.35 

122 

10  00 

5000 

205 

76.88 

96.11 

163 

58.22 

72.22 

121 

3955 

49.44 

204 

76.44 

95.55 

162 

'57.77 

i2.n 

120 

39.1 1 

48.88 

203 

76.00 

95.00 

161 

57.33 

71.66 

119 

38.66 

4 8. 33 

202 

75.55 

94.44 

160 

56.88 

71.11 

118 

38.22 

48.77 

201 

75. 1 1 

93.88 

159 

56.44 

70.55 

1 17 

37.77 

47  22 

200 

74.66 

93.  .33 

158 

56.00 

70.00 

116 

31.53 

46.66 

199 

74.22 

92.77 

157 

55.55 

69.44 

115 

6.88 

46  11 

1 98 

73.  :7 

92.22' 

156 

55. 1 1 

68.88 

114 

36.44 

4555 

197 

73.33 

91.66 

155 

54.66 

68.33 

113 

36  00 

45.00 

196 

72.88 

91. 1 I 

154 

54.22 

67.77 

112 

5^.55 

44.44 

195 

72.44 

90.55 

153 

.53.77 

67.22 

1 11 

35.1 1 

43.88 

1 94 

7 2.00 

90.00 

152 

53.53 

66.66 

1 10 

34-66 

4,3.33 

193 

71.55 

89.44 

151 

52.88 

66.1  1 

109 

34  22 

42.77 

192 

71.11 

88.88 

150 

52.44 

65.55 

108 

33.77 

42.22 

191 

70.66 

8833 

49 

52.00 

65.00 

107 

33. 13 

41.66 

190 

70.22 

87.77 

148 

51.55 

64.44 

106 

32.88 

41.11 

189 

69.77 

87.22 

147 

51.11 

63.88 

105 

32.44 

40.55 

188 

69.33 

86.66 

146 

50.66 

63. 3,3 

104 

32.00 

40.00 

187 

68.88 

86.11 

145 

50.22 

6 >.11 

103 

51.55 

39.44 

186 

68.44 

85.55 

144 

49.77 

62*22 

102 

31.  1 

38.8g 

185 

68.00 

85.00 

143 

49.  >3 

61.66 

101 

30,66 

38.33 

184 

67.55 

84.44 

142 

48.88 

61.1  I 

100 

30.22 

57.77 

183 

67.11 

83.88 

141 

48.44 

60.55 

99 

29.'7 

37.22 

182 

66.66 

83.33 

140 

48.00 

60.00 

98 

29.33 

36.66 

181 

66.22 

82.77 

139 

47.55 

59.44 

97 

28.88 

36.11 

180 

65.77 

82.22 

138 

4".  11 

58.88 

96 

28.44 

35.55 

179 

65.33 

81.66 

137 

46.66 

58.33’ 

95 

28.00 

35.00 

178 

6I.S8 

81  11 

136 

4'i.22 

51.11 

94 

27.55 

54.44 

177 

64.44 

80.55 

135 

45.77 

51.22 

93 

27.11 

33.88 

176 

64.00 

80.00 

134 

45.33 

56.66 

92 

26.66 

33.33 

175 

63.55 

79.44 

133 

41.88 

56. 1 1 

91 

26.22 

32.77 

174 

62.11 

78.88 

132 

44.55 

55.55 

90 

25.27 

32.22 

173 

62.66 

7 8*33 

131 

44.00 

55.00 

89 

25.33 

31.66 

172 

62.25 

77.77 

50 

43.55 

54.44 

88 

24.88 

31.1  1 

171 

61.77  ' 

77.22 

129 

43. 1 1 

55'.  88 

87 

24.44 

30.55 
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TABLE  FOR  FAHRENHEIT’S  THERMOMETER. 


,Fahr, 

Ileau. 

Cent. 

Fahr.\ 

Reuu. 

Cent.  \Fakr, 

lieau.  1 

Cent. 

1 1 

24.00 

30.00  ' 

43  1 

4.88 

6.11  jl 

0 

-14.  . 2 

-17.77 

85 

23. 55 

29.44 

42 

4.44 

5.55  1 

-1 

-14.66 

.18.33 

84  . 

23.1  1 

28.88  j 

41 

4.00 

5.00 

-2 

-15.11 

-18.88 

83 

22.66 

28.33 

40  i 

3.55 

4.  4 ' 

-3  ' 

-15.55  ! 

-19.44 

j 82  ‘ 

22.22 

27.77 

39 

3.11 

3.88  • 

i 

-16.00  1 

-20.00 

: 81  1 

21.77 

27.22 

58 

2.66 

3.33  i 

-5  j 

-16.44 

-20.55 

i 80 

2 1.33 

26.66 

37 

2.22 

2.77 

.6  ' 

-16.88 

-21.11 

! 79 

20.88 

26. 1 1 

36 

1.'7 

2.22  1 

-7  : 

-17.33 

-21.66 

: 78 

20.44 

25.55 

55 

1.33 

1.66  ' 

-8 

-17.77 

-2‘2.22 

i 77 

20.00 

25.00 

34 

0.88 

-9 

-18.22  1 

1 76 

19.55 

24.44 

33 

0.44 

1 

0.55  ' 

-10 

-18.66 

-23.33 

1 75  ; 

19.11 

23.88 

32 

0. 

0. 

-11 

-19.11  . 

-23.88 

1 74 

18.66 

23.33 

51 

-0.44 

-0.55 

-12  i 

-19. -.5 

-24.44 

j 73 

18.22 

22.77 

50 

-0.8S 

-1.11 

-13  ! 

-20.00 

-25.00 

1 72 

17.77 

22.22 

29 

-1.33 

-1.6f-  1 

-14  1 

-20.44 

-25.55 

71 

17.33 

21.66 

28 

-1.77 

-2.22 

-15 

-20.88 

-26. 1 1 

1 ''0 

16.88 

21.11 

27 

-2.77 

-16 

-21.33 

-26.66 

1 69 

16.44 

20.55 

26 

-2.66 

-3.53  i 

-17 

-21.77  ( 

-27.22 

i 68 

16.00 

20.00 

25 

-3.11 

- .88  1 

-18 

-22.22  1 

-27.77 

1 67 

15.55 

19.44 

24 

-3.55 

-4.44  I 

-19 

-22.66  j 

-28.33 

66 

15. 1 1 

18.88 

23 

-4.00 

-5.00 

-20 

-23.11  ! 

-28.88 

65 

14.66 

18.33 

22 

-4.44 

-5.55 

-21 

-23.55  i 

-29.44 

64 

14.22 

17.77 

21 

-4.88 

-6.11 

-22 

-24.00 

-30.00 

63 

13.77 

17.22 

; 20 

-5.5.3 

-6.66 

-23 

-24.44 

-30.55 

j 62 

13.35 

16.66 

1 19 

5.77 

-7.22 

-24 

-‘-4.88 

-31.11 

1 

12.88 

16.11 

j 18 

-6.22 

-7.77 

-25 

-25.:  3 

-31.66 

I 60 

12.44 

15.55 

17 

-6.66 

-8.35 

-26 

-25.77 

-32.22 

1 59 

12.00 

15.00 

1 

-7.11 

-8.88 

-27 

-26.22 

-32.77 

i 58 

11.55 

14.44 

, 15 

-7.55 

-9.44 

-28 

-26.66 

— * 55 

1 11.11 

13.88 

14 

-N.OO 

-10.00 

-29 

-27.11 

-33.88 

I 

56 

j 10.66 

15.33 

13 

-8.44 

-10.5 

-30 

-27.55 

-34.44 

55 

1 10.22 

12.77 

! 12 

-8.88 

-11.11 

•31 

-28.00 

-35.00 

1 54 

j 9.77 

12.22 

-9.35 

-11.66 

-3-_- 

-28.44 

-35.55 

1 53 

} 9.35 

11  66 

! 10 

-9.77 

-12.22 

-28.80 

-56.11 

I 52 

8.88 

11.11 

I 9 

-10.22 

-12.77 

-34 

-29.33 

-56.66 

! 51 

1 8 44 

10.  .55 

! 8 

-10.66 

-13.33 

-55 

-29.77 

37.22 

j 50 

■ 8.00 

10.00 

: 7 

-1 1.11 

-13.88 

-86 

-30.22 

-57.77 

1 49 

7.55 

9.44 

i 6 

-1 1.55 

-14.44 

-37 

-30.66 

58.53 

! 48 

7.1 1 

8.88 

' 5 

-12.00 

-15.00 

-38 

-51.1 1 

-38.88 

1 ^7 

6.66 

8.33 

4 

-12.44 

-15.55 

-59 

-31.55 

-39’44 

j 46 

6.22 

77.7 

3 

-12.88 

-H.n 

-40 

-32.00 

-40.00 

! 45 

5.77 

7.22 

i 2 

-13.3.3 

-16.6 

1 44 

5.55 

6.66 

1 1 

-13.77 

-i7.22 
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TABLES  or  THE  EXPANSIONS  OF  SOLIDS  FROM  HEAT, 

REFERRED  TO  PAGE  237. 

The  expansions  of  a number  of  solids,  it  is  remarked  in  the 
text,  have  oeen  determined  by  Smeaton,  Koy,  and  I'roughton. 
To  these  Gay-Lussac  has  lately  added  the  results  of  a series  of 
experiments  by  Lavoisier  and  La  Place,  which  had  not  been  be- 
fore published.  (Annales  de  Chimie  et  Physique,  t.  1.)  He 
has  also  reduced  the  whole  to  the  expansion  in  the  same  in- 
terval of  temperature,  that  from  freezing  to  boiling  water,  and 
has  represented  it  in  a similar  manner.  1 therefore  give  his 
tables,  as  aflFording  more  direct  comparative  results.  The  ex- 
periments of  Smeaton  are  given  in  the  47th  volume,  and  those 
of  Hoy  in  the  75th  volume  of  the  Philosophical  Transactions. 


I.  TABLE  OF  THE  LINEAR  DILATATION  OF  DIFFERENT  SUBSTANCES  FEOM  THE  TEM- 
PERATURE OF  FREEZING  TO  THAT  OF  BOILING  WATER,  ACCORDING  TO  THE  EX- 
PKRIJIENTS  OF  LAVOISIER  AND  LA  PLACE. 


DILATATION  FOR  A LENGTH 

EQUAL  TO 

UNITY. 

SUBSTANCES. 

In  decimal 

1 n vulgar 

fractions. 

fractions. 

Steel  not  tempered,  - - - 

0,00107915 

1 

P'TT 

Steel  tempered  and  annealed  at  a heat  of  150°, 

0,00123956 

Silver  cupelled,  - - " 

0,001  90974 

Silver  standard  of  Paris,  - . - 

0,001 90S68 

Copper,  - - ~ 

0,001 7 1733 

sTT 

Brass,  - - ’ >- 

0,00187821 

Tin  of  Malacca,  _ - - 

0,00193765 

j 1 1 

Tin  of  Cornwall,  - - " 

0,00217298 

I ) 

1 

Iron  forged,  ••  . _ 

0,00122045 

1 

Iron  wire,  - - 

0,00 1 23^04 

* 

Flint-glass.  English,  - - - 

0,00081166 

Mercury  (in  volume,) 

0.0J847  746 

TT-TT 

Gold,  pure,  - - " 

0,00146606 

I 1 

TTi:  • 

Gold  standard  not  annealed. 

0.00155155 

1 1 
s 

Gold  standard  annealed. 

0,00151361 

t 

■J-OT 

Platina,  - " 

0.000S5655 

i 

Lead,  - " 

0,0028  J«36 

X 

" S T 

Glass,  French,  with  lead. 

0,00087 1 99 

» 

X-rjTT 

Glass  without  lead  (in  tube,) 

0,00089694 

TTTir 

Glass  mirror,  - 

0,00089089 

XTTT 
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H.  TAJitE  according  TO  THE  EXPERIMENTS  OP  SllEATON. 


SUBSTANCES. 


J3Iistered  steel, 

Tempered  steel, 

Bismuth, 

Copper  hammered, 

Copper  8 parts  with  1 of  tin. 
Cast  brass. 

Brass,  16  parts  with  1 of  tin, 
Bine  pewter,  * 

Grain  tin, 

Iron, 

Brass  wire. 

Speculum  metal. 

Lead, 

Antimony, 

Lead  2 parts  with  1 of  tin, 
Copper  2 parts  with  1 of  zinc. 
White  glass  (barometer  tube,) 
Zinc, 

Zinc  hammered. 

Zinc  8 parts  with  1 of  tin. 


DILATATION  I'OB  A LENGTH 
EQUAL  TO  UNITY, 


In  decimal 
fractions. 


In  vulgar 
fractions. 


0,001 15000 
0,00122500 
0,00139167 
0,00170000 
0,00181667 
0,00187500 
0,00190835 
0,00228333 
0,00248333 
0,00125833 
0,00193333 
0,00193.333 
0,00286667 
0,0010833.8 
0,00250533 
0,00205833 
0,00083333 
0,00294167 
0,00310833 
0,00269167 


870 

1 

816 

1 

719 

1 

588 

1 

sTo 

1 

1 

554 

I 

4S8 

I 

40i 


795 

1 

517 

1 

sir 

1 

349 

1 

923 

1 

399 

I 

486 

1 

TiTi 

1 

340 

1 

355 

1 

375 


III.  TAIILE  according  TO  THE  EXPERIMENTS  OF  ROV. 


FOR  a LENGTH 

EQUAL  TO 

UMTV. 

SUBSTANCES. 

In  decimal 

In  vulgar 

fractions. 

fractions. 

Steel  rod,  - - - - 

0.00114450 

1 

874 

Brass  scale.  Hamburg, 

0,00185550 

1 

539 

Brass  plate  rod.  English,  » 

0,00189296 

1 

528 

Brass  plate  trough,  English, 

0,001894.50 

1 

528 

Cast  iron  prism,  , - - 

0.001  1 1000 

1 

9Ul 

Glass  tube,  - - - 

0,00077550 

-L 

'589 

Glass  rod,  - - - - 

0,00080833 

1 

1237 
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IV.  TABLE  ACCORDING  XO  THE  EXPERIMENTS  OP  TROtJGHTON. 


SUBSTANCES. 

LINEAR  DILATATIONS  FROM 
THE  TEMPERATURE  OF  FREEZ- 
ING TO  BOILING  WATER. 

Steel,  - - - 

Silver,  , - 

Copper,  - - - 

Iron  wire,  - - 

Platina,  - - - 

Palladium  (according  to  Wollaston,) 

0,0011899  = J_ 

848 

0,0020826  = JL 

4H0 

0,0019188  = -1 

521 

0,0014401  = J. 

e‘j4 

0,0009918  = — 
1008 

0,0010  = -L- 

1000 

TABLE  OP  THE  EXPANSIONS  OF  LIQUIDS. 

The  expansions  in  this  table  were  found  by  Mr  Dalton.  They 
are  equal  to  what  would  be  produced  by  an  elevation  of  tem- 
perature from  the  freezing  to  the  boiling  point  of  water,  the 
volume  at  the  former  being  1. 

Mercury 

Water 

Water  saturated  with  salt 

Sulphuric  acid 

Muriatic  acid 

Oil  of  turpentine 

Ether 

Fixed  oils 

Alkohol 

Nitric  acid 


, .0200  r= 
.0466  = 
.0500  = J_ 
.0600 =;^ 
. .0600  = 
.0700  = ’ 

r 4 

, .0700  = 

. .0800  = 

..0110=  » 
9 

• .0110  3x: 


9 


522 


lABLE  OF  CAPACITIES  OF  BODIES  FOR  CALORIC. 

The  principle  on  which  the  tables  of  the  capacities  of  bodies 
for  caloric  are  constructed,  has  been  explained  in  the  text, 
(page  394).  These  capacities,  expressing  the  quantities  of  calo- 
ric which  bodies  contain  at  a given  temperature,  are  entirely 
comparative,  and  refer  to  wat  “r  as  a standard,  its  capacity  be- 
ing stated  at  I.(X)00.  As  the  capacities  of  bodies  are  different, 
as  they  exist  in  the  solid,  liquid,  and  aerial  state,  I have  subdi- 
vided the  following  table  according  to  these  Ibrms  : and  I have 
also  placed,  in  distinct  tables,  the  results  obtained  by  the  differ- 
ent modes  of  experiment  that  have  been  employed,  as  these,  ac- 
cording to  the  observations  made  in  the  text,  cannot  be  of  equal 
authority.  The  first  table  comprises  the  results  which  have 
been  obtained  by  the  mode  of  mixture,  and  by  the  calorimeter, 
these  agreeing  in  principle,  the  capacities  found  by  them  be- 
ing inferred  from  measuring  the  quantity  of  caloric  given  out 
' by  a body  in  suffering  a certain  change  of  temperature,  by  the 
effect  that  quantity  produces  on  another  body  to  which  it  is 
communicated.  Dr  Crawford’s  results  form  the  basis  of  this 
table,  to  which  1 have  added  those  established  by  Irvine,  Wiicke, 
Gadolin,  Lavoisier  and  La  Place,  and  Kirwan,  (these  last  hav- 
ing been  reported  by  Magellan  as  communicated  to  him  by  Mr 
Kirwan,)  and  also  the  capacities  of  some  solids  ascertained  by 
Mr  Dulton  by  this  method.  The  second  table  comprises  the 
capacities  of  bodies  estimated  from  observing  their  times  of 
cooling,  established  by  the  experiments  of  Leslie  and  Dalton. 
The  third  table  denotes  the  capacities  of  aerial  fluids,  ascer- 
tained by  Berard  and  Dtlaroche.  The  initial  letter  of  the  name 
of  each  author  is  annexed  to  the  numbers;  and  where  a dif- 
ference exists  in  the  capacity  of  any  body  as  ascertained  by 
difterent  chemists,  1 have  given  it  according  to  each,  with  a 
reference  by  numbers,  within  brackets,  so  that  the  authorities 
may  be  comp  .red,  and  that  selected  on  which  it  may  be  sup- 
posed most  reliance  is  to  be  placed. 


TABLES  OF  CAPACITIES. 
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TABLE  OF  CAPACITIES. NO.  I. 


Gases.  * 


1 Hydrogen  gas,  (178) 

2 Oxygen  gas,  (180) 

S Atmospheric  air,  (177) 

4 Aqueous  vapour,  (185) 

5 Carbonic  acid  gas,  (179) 
C Nitrogen  gas,  (181) 


Liquids. 


7 Solution  of  carbonate  of  ammonia,  (154) 

8  of  brown  sugar, 

9 Alkohol,  15,  44,  (158) 

10  Arterial  blood,  - - 

11  Water,  - - - 

] ‘2  Cows  milk,  (153) 

15  Sulphurct  of  ammonia, 

14  Solution  of  muriate  of  soda,  1 in  10  of  water, 

15  Alkohol.  (9,  44,  158) 

16  Sulphuric  acid,  diluted  with  10  of  water, 

17  Solution  of  muriate  of  soda  in  6.4  of  water, 

18  Venous  blood,  - - , 

19  Sulphuric  acid,  with  5 parts  of  water, 

20  Solution  of  muriate  of  soda  in  5 of  water, 

21  Nitric  acid,  (39,  159) 

22  Solution  of  sulphate  of  magnesia  in  2 of  water, 


23  muriate  of  soda  in  8 of  water, 

24  — — muriate  of  soda  in  3.53  of  water, 

25  nitrate  of  potash  in  8 of  water, 

26  muriate  of  soda  in  2.8  of  water, 

27  muriate  of  ammonia  in  1.5  of  water, 

28  muriate  of  soda  saturated,  or  in  2.69  of  water, 

29  supertartrate  of  potash  in  257.3  of  water, 

30  carbonate  of  potash. 


.31  Colourless  sulphuric  acid,  (51,  55,  56.  57,  175), 
32  Sulphuric  acid,  with  > parts  of  water, 

53  Solution  of  sulphate  of  iron  in  2.5  of  water, 

34  Solution  of  sulphate  of  soda  in  2.9  of  water, 

35  Olive  oil,  (172) 

36  Water  of  ammonia,  specific  gravity,  0.997,  (152) 

37  Muriatic  acid,  specific  gravity,  1.122,  169) 

38  Sulphuric  acid.  4 parts  with  5 of  water, 

39  Nitric  acid,  specific  gravity  1 29895,  (21,  159) 

40  Solution  of  alum  in  4.45  of  water, 

41  Mixture  of  nitric  acid  with  lime,  9§-  to  1, 

42  Sulphuric  acid,  with  an  equal  weight  of  water, 

43  4 parts  with  3 of  water, 

44  Aikohol.  (9,  15,  158,  165) 

45  Nitrous  acid,  specific  gravity  1.354, 

46  Linseed  oil,  ■ ■ - 

47  Spermaceti  oil,  (53,  171) 

48  Sulphuric  acid,  with  \ of  water, 


21.4000  C. 
4.7490  — 
1.7900  — 
1.5500  — • 
1.0454  — 
.7936  — 


1.8510  K, 
1.0.«60  — 
1.0860  — 
1.0300  C. 
1.0000 
.9999  C. 
.9940  K. 
.9360  G. 
.9300  Ir. 
.9250  G. 

. 9050  — 
.8928  C. 
.8760  G. 
.8680  — 
.8440  K. 
.8440  — 
.8320  — 
.8208  G. 
.8167  L. 
.8020  G. 
.7980  K. 
.7930  G. 
.7650  K. 
.7590  — 
.7580  — 
.7490  G. 
.7340  K. 
.7280  — 
.7130  — 
.7080  — 
.6800  — 
.6651  L. 
.6613  — 
.64  90  K. 
.6189  L. 
.60.50  G. 
.6031  L. 
.6021  C. 
.5760  K. 
.5280  — 
.5000  C. 
.5000  C. 
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TABLE  OF  CAPACITIES, 


49  Oil  of  turpentine,  (52) 

50  Sulphuric  acid,  with  of  water, 

51  Sulphuric  acid  (31,  55,  5 , 57,  173) 

52  Oil  of  turpentine,  (49)  - - . _ 

53  Spermaceti  oil,  (47,  171) 

54  lied  wine  vinejrar,  (155) 

55  Sulphuric  acid,  concentrated  and  colourless,  (31) 

56  specific  gravity  1.87058, 

57  31,  51,  174j 

58  Spermaceti  melted, 

59  Quicksilver  specific  gravity  13.30,  (175) 

60  . - _ 

61 _ - - - 

62 

Solids. 


63  Ice,  - - ~ - 

64  - - ■ 

65  Ox  hide,  with  the  hair, 

66  Sheep’s  lungs,  . _ . 

67  Beef  of  an  ox,  - - ■ ■ 

68  Rice,  - - - . - 

69  Horse  beans,  - . . _ 

70  Dust  of  the  pine-tree,  _ . - 

71  Pease.  - * - - 

72  Wheat,  - 

75  White  wax,  - ~ - - - 

74  Quicklime,  with  water,  in  the  proportion  of  16  to  9, 

75  Bailey,  - - - - - 

76  Oats,  - - - ■ 

77  Charcoal  of  birch-wood,  (86) 

78  Carlionate  of  magnesia,  - - - 

79  Prussian  blue,  - - " 

80  Quicklime,  - - - 

81  saturated  with  water,  and  dried, 

82  Pit-coal,  - - 


83  

84  Chalk, 

85  Artificial  gypsum, 

86  Charcoal,  77) 

87  Chalk.  84,  96) 

88  Rust  of  iron, 

89  White  clay, 

90  Sea  salt,  (94) 

91  White  oxide  of  antimony  washed, 

92  Oxide  of  copper, 

93  Quicklime,  (80.  95) 

94  Muriate  of  soda  in  crystals,  (90) 

95  Quicklime,  (80,  95) 

96  Chalk,  (84,  87) 

97  Crown  glass, 

98  Agate,  specific  gravity  26  18, 

99  F.arthen-ware, 

100  Crystal  glass  without  lead, 

101  Cinders, 


.4720  K. 
.4420  G. 
.4  -90  C. 
.4000  Ir. 
.5990  K. 
.3870  — 
.3390  G. 
.33 1 5 L. 
.3330  Ir. 

.S-t  :0  — 

.0530  K. 
.0200  L. 
.0290W. 
.0280  Ir. 


.9000  K. 
.8000  Ir. 
.7870  C. 
.7690  — 
.7400  — 
.5060  C. 
.5020  — 
.5000  — 
.4920  — 
.4770  — 
.4500  G. 
.4391  L. 
.4210  C. 
.4160  — 
.3950  G. 
.3790  — 
,3300  — 
.5000  D. 
.2800  G. 
.2800  D. 
.2777  C. 
.2700  D. 
.26'«0  G. 
.2631  C. 
.2.564  — 
.2500  — 
.2410  G. 
.23(X)  D. 
.2272  C. 
.2272  — 
.2229  — 
.2260  G. 
.2168  L. 
.2070  G. 
.2000  Ir* 
. 1 950 W. 
.1950K. 
.1929  L. 
.1923  C. 


TABLE  OF  CAPACITIES, 
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102  Flint-glass,  specific  gravity  287,  (106) 

103  Sulphur,  . - - 

104  (109)  - - - 

105  Ashes  of  cinders, 

106  White  glass,  specific  gravity  2.386,  (102) 

107  White  clay  burnt,  _ - _ 

108  Black  lead,  . _ - 

109  Sulphur,  (103,  104) 

110  Oxide  of  antimony,  nearly  free  of  air, 

111  Rust  of  iron,  ditto,  ditto, 

1 1 2 Ashes  of  elm-wood, 

113  Iron,  (116,  118,  119,  r.S) 

114  Oxide  of  zinc,  nearly  freed  from  air, 

115  White  cast  iron, 

116  Iron,  . _ - - 

1 1 7 White  oxide  of  arsenic, 

118  Iron,  (113,  116,  119,  123) 

119  Iron,  specific  gravity  7876, 

120  Cast-iron  abounding  in  plumbago, 

121  Hardened  steel, 

122  Steel  softened  by  fire, 

12.3  Soft  bar  iron,  specific  gravity  7,724,  (118) 

124  Brass,  specific  gravity  8556,  (126) 

125  Copper,  specific  gravity  8.785,  (127) 

126  Brass,  (124)  _ _ 

127  Copper,  (125,  134) 

128  Slieet  iron,  - - - 

129  Zinc,  specific  gravity  7154,  (136) 

130  - - - 


.1900 D. 
.1900  — 
.1890  Ir.jr. 
.1855  C. 
.1870AV. 

. I 850  G. 
.1830  — 
.1830  K. 
.1666  C. 
.1666  — 
.1402  — 
.1450  Ir. 
.1369  C. 

. 1 3-0  G. 
.1300  D. 
.1260  G. 
.1269  C. 
.1260  W. 
.1240  G. 

. I 230  — 

. 1 200  — 
.1190  G. 
.1160W. 
.1140W. 
.1123  C. 
.1111  — 
.1099  L. 
.1020W. 
.lOOo  D. 


131  Nickel,  - _ . 

132  W’hite  oxide  of  tin,  nearly  free  of  air, 

133  Cast  pure  copper,  heated  between  charcoal,  and  cooled  slowly, 

specific  gravity  7907, 

134  Hammered  copper,  specific  gravity  9150, 

135  Oxide  of  tin,  (132)  _ - - _ 

136  Zinc,  (129)  - - - " 

137  Ashes  of  charcoal,  - - ‘ \ ' 

138  Sublimed  arsenic,  - * - “ 

139  Silver,  specific  gravity  10.001, 

140  Tin,  vl45)  - ” " 

141  Yellow  oxide  of  lead, 

142  White  lead,  _ - - - 

143  Antimony, 

144  specific  gravity  6107, 

145  Tin.  specific  gravity  7380,  (140) 

146  Red  oxide  of  lead,  -~- 

147  Gold,  specific  gravity  1 904, 

148  Vitrified  oxide  of  lead,  - ■ 

149  Bismuth,  specific  gravity  9861, 

150  Lead,  specific  gravity  115,  ... 

151  - - ■ ■ 


,1000  D. 
.0990  C. 

.0990  G, 
.0970  G. 
.0960  K. 
.0945  C. 
.0909  — 
.0840  G. 
.0820W. 
.0704  C. 
.0680  — 
.0670  G, 
.0645  C. 
.063i>W. 
.0600  W'. 
.0590  G. 
.0500W. 
.0490  G. 
.0450\\^ 
.0420W 
.0352  C. 
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TABLE  OF  CAPACITIES. 


table  or  CAPACITIES. NO.  II. 


Liquids. 

152  Solution  of  ammonia,  specific  gravity  948,  (56)  - 1.0500  D 

153  Milk,  specific  gravity  1.026,  (12)  - “ .9800  — 

154  Solution  of  carbomiic  of  ammonia,  specific  gravity  1.055,  (7)  .9500  D. 

155  Common  vinegar,  specific  gravity  1 02,  (54)  - .9200  — 

156  Solution  of  common  salt,  specific  gravity  1.197,  - .7800  — 

157  Solution  of  sugar,  specific  gravity  1.17,  • .7700  — 

158  Alkohol,  specific  gravity  85,  (9,  15,  44,)  - .7600  — 

159  Nitric  acid,  specific  gravity  f.2,  ^21,  59)  - .7600  — 

160  Solution  of  carbonate  of  potash,  specific  gravity  1.50,  .7500  — 

161  Alkohol,  specific  gravity  817,  _ _ . .7000  — 

162  Nitric  acid,  specific  gravity  1 30.  (39)  - .6800  — 

163  Acetic  acid,  specific  gravity  1056,  - - .6600  — 

164  Sulphuric  ether,  specific  gravity  76,  - - .6600  — 

165  Alkohol,  (9,  15.  158,  161)  - - - .6400Les. 

166  Nitric  acid,  specific  gravity  136,  (45)  - - .6300  D. 

167  Nitric  acid,  ' - - - - - .6200 Les. 

168  Solution  of  nitrate  of  lime,  specific  gravity  1.4,  - .6200  D. 

169  Muriatic  acid,  specific  gravity  1 1 53,  (37)  - .6000  — 

170  Sulphuric  acid  and  water  equal  bulks,  - .5200  — 

17  i Spermaceti  oil,  (47,  55)  - » - .5200  — 

172  Olive  oil,  ,35)  - - - - .SOOOLes. 

173  Sulphuric  acid,  specific  gravity  1.844,  - .3500  D. 

174  Sulphuric  acid,  (^31,  51,  56)  - - - .3400Les. 

175  Quicksilver,  (59,  60)  - - - .0400  D. 


TABLE  OF  THE  CAPACITIES  OF  GASES  FOR  CALORIC. NO.  III. 

I.  REFERRED  TO  WATER  AS  A STANDARD. 


176  Water,  - 1.0000 

177  Air.  (5)  ....  0.2669 

178  Hydrogen  gas,  (1)  - - - 5.2956 

179  Carbonic  acid,  (5)  - ~ - 0.2210 

180  Oxygen,  (2)  - • - - .0.2361 

181  Nitrogen,  (6)  - - - 0.2754 

182  Nitrons  oxide,  - - - - 0.2.569 

183  Olefiant  gas,  ...  0.4207 

184  Carbonic  oxide,  - - - - 0.2884 

185  Aqueous  v.apour,  (4)  - - - 0.8470 


11. 

REFERRED  TO  AIR  AS  A STANDAP.D. 

Specific  heats  of 

r 

- -V 

Equal  volumes.  Equal 

weights. 

186  Air, 

1.0000 

1.0000 

187  Hydrogen, 

0.9035  12.3401 

188  Carbonic  acid, 

1.2583 

0.8280 

189  Oxygen. 

0.9765 

0 8848 

190  Niirogen, 

1.0000 

1.0518 

191  Nitrous  oxide. 

1 .5503 

0,8878 

192  Olefiant  gas. 

1.5530 

1 .576.5 

1 93  Carbonic  oxkle, 

1.0340 

1.0805 
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Table  OF  the  scale  of  tempekatuee,  and  of  the  effects  produced  at 

DIFFERENT  DEGREES,  ON  A NUSIBER  OF  BODIES. 


Extremity  of  the  scale  of  Wedgwood, 

Greatest  heat  of  an  air  tiirnace  8 inches  in  diameter,  which 
di  d not  soften  Nankeen  porcelain, 

Chinese  porcelain  softened  best  sort. 

Cast-iron  thoroughly  melted, 

Hessian  crucible  melted, 

Bristol  porcelain  not  melted, 

Cast-iron  begins  to  melt. 

Greatest  beat  of  a common  smith’s  forge, 

Plate  glass  furnace  (strongest  heat,) 

Bow  porcelain  vitrifies, 


Chinese  porcelain  softened,  inferior  sort, 

Flint  glass  furnace  (strongest  heat,) 

Derby  porcelain  vitrifies,  - « 

Stoneware  baked  in  - . 

Welding  beat  of  iron,  greatest, 

Welding  heat  of  iron,  least,  - - _ 

Cream  coloured  ware  baked  in  , - 

Flint  glass  furnace,  (weak  heat,) 

Working  heat  of  plate  glass,  . - 

Deift  ware  baked  in  - - - 

Fine  gold  melts,  ... 

Settling  heat  of  flint  glass,  - - 

Fine  silver  melts,  - - 

Swedish  copper  melts,  - - - 

Brass  melts.  - - . - 

Heat,  by  which  enamel  colours  are  burnt  on. 

Red-heat  fully  visible  in  day-light. 

Iron  red  hot  in  the  twilight 
Heat  of  a common  fire  (Irvine,) 

Iron  bright  red  in  the  dark. 

Zinc  melts,  . . - 

Quicksilver  I'oils  (Irvine,) 

(Dalton,) 

■ (Crichton,) 

Linseed  oil  boils,  - - 

Lead  melts  ( Guyton,  Irvine,) 

Sulphuric  acid  boils  (Dalton,) 

The  surface  of  polished  steel  acquires  a deep  blue  colour. 
Oil  of  turpentine  boils 
Sulphur  burns. 

Phosphorus  boils,  - - 

Bismuth  melts  (Irvine,) 

The  surface  of  polished  steel  acquires  a pale  straw  colour, 
Tin  melts  (Crichton,  Irvine,) 

A compound  of  equal  parts  of  tin  and  bismuth  melts. 
Nitric  acid  boils,  . . - 


Wedg. 

Fahren. 

240° 

32277* 

160 

21877 

15^ 

'21557 

150 

20577 

150 

20577 

135 

18627 

150 

17977 

125 

1 7327 

124 

17197 

121 

16807 

120 

16677 

114 

15897 

112 

1 5657 

102 

14537 

95 

13427 

90 

12777 

86 

12257 

70 

10177 

57 

8487 

41 

6407 

52 

5257 

29 

4847 

28 

4717 

27 

4587 

21 

3807 

6 

1857 

0 

1077 

- 

884 

- 

790 

752 

700 

672 

660 

655 

600 

- 

594 

- 

590 

580 

560 

554 

- 

476 

- 

460 

- 

442 

283 

242 
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Caliren, 

Sjulphur  melts,  . ^ 

A saturated  solution  of  salt  boils,  . ' , v ",  ' j ^ ^ 

Water  boils  (tlie  barometer  being  at  30  inches)  ; also  a compound  of 
5 of  bisnsuth,  3 of  tin.  and  2 of  lead  melts, 

A compound  of  3 of  tin.  5 of  lead,  and  8 of  bismuth,raelts, 

Alkoliol  boils.  - ■ ■ 

Bees  whX  melts,  - * " 

Spermaceti  melts,  - - ' * 

Phosphorus  melts,  - - " 

Ether  boils,  - - - 

Medium  temperature  of  the  globe, 

Ice  melts,  ■ * " 

Milk  freezes,  . . - 

Vinegar  freezes  at  about 
Strong  wine  freezes  at  about 

A mixture  of  1 part  of  alkoliol  and  3 parts  of  water  freezes, 

A mixture  of  alkoliol  and  water  in  equal  quantities  freezes, 

A mixture  of  2 parts  of  alkoliol  and  1 of  water  freezes. 

Melting  point  of  quicksilver  ^ Cavendish), 

Liquid  ammonia  crystallizes  (Vauquelin),  - 

ISIitric  acid,  spec.  gr.  abput  1.42.  freezes  (Cavendish), 

Sulphuric  ether  congeals  (Vauquelin), 

Natural  temperature  observed  at  Hudson’s  Bay, 

Ammoniacal  gas  condenses  into  a liquid  (Guyton), 

Nitrous  acid  freezes  (Vauquelin),  - ' . 

Cold  produced  from  diluted  sulphuric  acid  and  snow,  the  materials  be- 
in"  at  the  temperature  of — 57, 
erc^test  artiBcial  cold  yet  measured  (Walker),  - 91 


212 

210 

174 

142 

133 

100 

98 

50 

32 

30 

28 

20 

7 

—7 
—11 
—39 
— 42 
—45 
—47 
—50 
—54 
—56 


The  higher  temperatures  in  the  above  table  referred  to  the 
pyrometric  scale  of  Wedgwood,  are  those  established  on  his  au- 
thority. The  observations  of  Guyton,  proving  that  the  de- 
grees of  Fahrenheit,  assigned  by  Wedgwood  as  coinciding  with 
them,  are  stated  too  high,  have  been  given  in  the  text,  (p.  228.) 
Guyton  has  added  a table  in  conformity  to  his  own  observa- 
tions. These  again,  as  referred  to  Fahrenheit’s  scale,  are  cer- 
tainly too  low,  as  has  been  stated  likewise  in  the  text,  and  as 
is  evident  from  the  boiling  point  of  quicksilver  being  stated  at 
2 of  Wedgwood,  whereas,  from  the  very  construction  of  his  py- 
rometer, all  temperatures  indicated  by  it  are  necessarily  above 
a red  heat.  1 add  this  table,  however,  as,  on  a subject  imper- 
fectly determined,  it  is  of  advantage  to  have  comparative  re- 
suits. 
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TABLE  OF  TEMPERATHEES,  BY  CUYXON. 


Degrees  of 
Wedge  wood. 

Degrees  of  Fahrenheit. 

Mercury  melts 

—39° 

Water  freezes  

4-32 

Water  boils  

212 

Pisinuth  melts 

475.99 

Tin  melts 

512.48 

Lead  melts  

611.98 

Mercury  boils  

2° 

642.75 

Zinc  melts  

3 

705.26 

Antimony  melts  

7 

955.25 

Silver  melts 

22 

1822.67 

Copper  melts 

27 

2205.15 

Gold  melts  

32 

2517.63 

Welding  point  of  iron  

95 

6.508,88 

Cast-iron  melts 

J30 

8696.24 

Porcelain  melts 

155 

9633.68 

Manganese  melts 

160 

10517.12 

Malleable  iron  melts 

175 

114.54.56 

Nickel  melts 

175  4-  X 

11454.56  -f-  X 

Platinum  melts 

175  -|-  X 

11454.56  -4-  X 

TABLE  OF  FREEZING  MIXTURES. 


This  table  gives  the  powers  of  different  mixtures  in  reduc- 
ing temperature,  as  ascertained  by  Walker  and  Lowitz.  The 
experiments  of  other  chemists  give  results  which  differ  so  little 
from  these,  that  to  insert  them  would  be  to  extend  the  table 
without  any  advantage.  The  proportions  of  the  substances  ar» 
not  given  by  Lowitz,  but  from  the  context,  (Annales  de  Chi- 
mie,  t.  xxii,  p.  300),  they  appear  to  have  been  in  general  equal 
parts. 


Muriate  of  ammonia,  5 parts,  nitrate  of  potash  5, 
water  16, 

Muriate  of  ammonia,  5 parts,  nitrate  of  potash  5,7 
sulphate  of  soda  8.  water  16,  5 

Nitrate  of  ammonia  1,  water  1, 

Sulphate  of  soda  8,  muriatic  acid  5, 

Sulphate  of  soda  5,  sulphuric  acid  diluted  with  an  7 
e(|ual  weight  of  water,  4 parts,  5 

Sulphate  of  soda  3,  nitric  acid  diluted  with  an  equal  7 
weight  of  water  >,  ^ 

Nitrate  of  ammonia  1,  carbonate  of  soda  1,  water  1, 
Sulphate  of  soda  6,  muriate  of  ammonia  <1,  nitrate  ^ 
of  potiibh  2,  diluted  nitric  acid  as  above*4,  J 
Phosphate  of  soda  9,  diluted  nitric  acid  4, 

2 L 


Temperature  reduced. 


from  50° 

to 

10° 

W. 

50 

to 

4 

W'. 

50 

to 

4 

W. 

50 

to 

0 

W. 

50 

to 

3 

w. 

50 

to 

— 3 

W. 

50 

to 

—7 

w. 

50 

to 

- 10 

W. 

50 

to 

—12 

W. 
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Sulphate  of  soda  6,  nitrate  of  ammonia  5,  diluted 
nitric  acid  4, 

Phosphate  of  soda  9,  nitrate  of  ammonia  6,  diluted 
nitric  acid  4, 

Muriate  of  soda  1,  snow  2 parts, 

Carbonate  of  ammonia  dry.  snow, 

Nitric  acid  diluted,  snow, 

Concentrated  sulphuric  acid,  snow'. 

Muriate  ot  soda  2,  muriate  of  ammonia  1,  snow  5, 
Soda  crystallized,  snow, 

Potash  deprived  of  its  water  of  crystallization,  (la- 
pis causticus),  snow. 

Concentrated  acetous  acid,  snow, 

Carbonate  of  potash,  snow, 

Nitrate  of  lime,  snow, 

Oxymuriate  of  antimony,  snow. 

Muriate  of  soda  10,  nitrate  of  potash  5,  snow  24, 
Muriate  of  magnesia,  snow. 

Sulphuric  acid  diluted  with  one  half  its  weight  of 
water,  i'  parts,  snow  3 parts, 

Muriate  of  soda  5,  nitrate  of  ammonia  5,  snow  12, 
Acetate  of  potash,  snow, 

Muriate  of  iron,  snow. 

Concentrated  muriatic  acid  5,  snow  8, 

Muriatic  acid  and  snow. 

Concentrated  nitrous  acid  4,  snow  7, 

Nitrous  acid  and  snow, 

Concentrated  .solution  of  potash,  snow, 

Muriate  of  lime  5,  snow  4, 

o,  — — 2, 

5,  5, 

Potash  4,  snow  3, 


Muriate  of  lime  2,  snow  1, 

_ 3 1, 

Sulphuric  acid  diluted  with  half  its  weight  of  water 
lO,  snow  8, 


Temperature  reduced. 


from  50 

to  — 14 

w. 

50 

to  —21 

W. 

32 

to  — 5 

W. 

32 

to  — 6 

L. 

32 

to  — 10 

L. 

32 

0 

1 

Md 

L. 

32 

to  —12 

W. 

32 

to  — 15 

L. 

32 

to  — 15 

L. 

32 

to  — 17 

L. 

32 

to  —17 

L. 

32 

to  —17 

L. 

32 

to  — 17 

L. 

32 

to  — 18 

W. 

32 

to  — 22 

L. 

32 

to  — 23 

W. 

32 

to  — 25 

W. 

32 

to  — 26 

L. 

32 

to  — 274 

L. 

32 

to  —27 

W. 

32 

to  — .30 

L. 

32 

to  — 30 

W. 

32 

to  — 22 

L. 

32 

to  — 30 

L. 

32 

to  — 40 

w. 

32 

to  — 50 

w. 

32 

to  — 53 

L. 

C32 

to  — 51 

W. 

l32 

to  —53{ 

L. 

0 

to  — 66 

W. 

—40 

to  — 73 

W. 

—68 

to  —91 

W. 

I 


OF  LIGHT. 
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CHAP.  II. 


OF  LIGHT. 


i-^iGHT,  like  Caloric,  is  an  agerJl  too  subtle  to  admit  of  its 
combinations  being  accurately  traced.  It  seems  to  exist 
in  some  bodies  as  a constituent  principle,  since  it  is  dis- 
engaged from  them  when  they  enter  into  new  combina- 
tions ; but  we  are  unable  to  obtain,  in  a separate  state, 
the  bases  with  which  it  is  combined.  In  its  chemical  his- 
tory, therefore,  we  can  state  only  the  effects  it  produces, 
the  circumstances  connected  with  its  absorption  and  evo- 
lution, and  the  results  of  the  rc'searches  that  have  been 
made  with  regard  to  its  nature  ami  constitution  Though 

ft 

a material  principle,  it  may  be  considered  as  a power  pro- 
ducing repulsion.  Its  particles  are  repellent,  and  from  its 
chemical  effects  it  is  not  improbable  that  it  acts  on  bodies 
in  part  at  least  by  its  repulsive  force. 

The  materiality  of  this  agent  is  sufficiently  proved.  Its 
motion,  though  inconceivably  rapid,  is  progressive,  and 
may  be  measured  ; it  may  be  stopt  in  its  progress,  or  its 
direction  may  be  changed  ; it  may  be  condensed  into  a 
smaller  or  di.>persed  over  a larger  space;  it  is  inflected 
when  passing  near  to  anybody,  which  proves  it  to  be  sub- 
ject to  gravitation  ; and  it  produces  chemical  changes  in 
many  bodies,  exists  in  them  in  a state  of  combination,  and 
is  cliseimaLred  bv  the  exertion  of  new  affinities. 

ft  ft  t 

Two  opinions  have  been  maintained  with  regard  to  the 
nature  of  Light,  both  admitting  its  materiality.  Descartes 
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OF  LIGHT. 


and  Huygheiis  supposed  that  the  phenomena  it  presents 
arise  from  vibrations  propagated  through  an  extremely 
rare  and  elastic  fluid,  whicli  is  diffused  through  all  space, 
and  in  which  fluid  luminous  bodies  have  the  power  of  ex- 
citing these  vibratory  motions,  as  sonorous  bodies  have  the 
power  of  exciting  vibrations  in  the  air, — an  hypothesis 
which  Euler  supported.  Newton  regarded  light  as  an 
emanation  of  particles  of  extreme  minuteness,  projected 
in  right  lines  from  the  sun,  and  from  luminous  bodies, 
and  moving  with  extreme  velocity.  This  opinion  has  been 
generally  received.  It  accords  better  than  the  other  w'ith 
the  phenomena  of  optics,'  and  appears  to  be  established  by 
the  chemical  agencies  which  light  exerts,  its  fixation  in  bo- 
dies, and  its  subsequent  evolution. 

If  it  be  received,  it  is  obvious  that  the  minuteness  of  the 
particles  of  light  must  be  astonishingly  great,  and  the  ima- 
frination  requires  even  some  aid  to  be  able  to  form  any 
conception  of  it.  No  better  illustration  of  it  can  be  given 
than  that  by  Melville.  “ There  is  no  physical  point,” 
says  he,  “ in  the  visible  horizon,  wdiich  does  not  send  rays 
to  every  other  point;  no  star  in  the  heavens  which  does 
not  send  light  to  every  other  star.  The  whole  horizon  is 
filled  with  a sphere  of  rays  from  every  point  in  it,  and  the 
whole  visible  universe  with  a sphere  of  rays  from  every 
star.  In  short,  for  any  thing  we  know,  there  are  rays  of 
li«Tht  joining  every  two  physical  points  in  the  universe, 
and  that  in  contrary  directions,  except  where  opaque  bo- 
dies intervene.”  llow'  great,  then,  must  be  the  subtil- 
ty  of  these  particles,  to  prevent  their  interrupting  each 
other ; and  at  what  an  immense  distance  must  each  par- 
ticle in  a ray  be  placed  ! 

The  minuteness  of  the  particles  of  light  may  also  be  es- 
timated by  the  velocity  with  which  they  move.  From  as- 
tronomical observations,  it  appears  that  light  moves  at 
the  rate  of  nearly  200,000  miles  in  a second  ; a particle  of 
light  projected  from  the  sun  arriving  at  the  earth  in  about 
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minutes.  Were  not  its  particles  inconceivably  smalb 
their  momentum,  arising  from  such  velocity  of  motion, 
must  be  such  as  to  destroy  every  substance  on  which  they 
impinge.  Yet  it  is  doubtful  whether  the  momentum  they 
do  possess  is  capable  of  being  ascertained  by  the  most  de- 
licate mechanical  contrivance.  From  an  experiment  of 
this  kind,  it  has  been  calculated  that  the  quantity  of  mat- 
ter in  the  rays  of  light  collected  by  a concave  mirror,  of 
two  feet  in  diameter,  would  not  amount  to  more  than  one 
twelve  hundred  millionth  part  of  a grain;  and  how  many 
particles  of  light  must  be  in  these  accumulated  rays  ! 

The  particles  of  light,  like  those  of  caloric,  appear  to 
repel  each  other.  So  perfect  is  its  elasticity,  that  it  is  re- 
flected from  a body  at  an  angle  equal  to  the  angle  of  its 
incidence.  It  is  subject  to  that  attraction  which  is  exerted 
between  masses  of  matter,  as,  when  passing  near  to  a body, 
it  is  inflected  towards  it ; and  in  passing  obliquely  from  ■ 
one  medium  into  another,  it  is  turned  from  the  direct 
course  in  which  it  was  proceeding : If  it  pass  from  a more 
rare  into  a denser  medium,  it  is  bent  towards  the  perpen- 
dicular ; if  from  a denser  to  a rarer  medium,  the  reverse ; 
the  degree  in  which  this  takes  place  being  different,  ac- 
cording to  the  density  and  the  nature  of  the  medium. 
This  is  named  the  Refraction  of  light.  In  some  sub- 
stances the  transmitted  ray  divides  into  two  parts,  which 
proceed  in  different  directions,  and  thus  exhibit  a double 
image  : This  constitutes  Double  Refraction.  In  trans- 
mitting one  of  the  divided  rays  through  another  double 
refracting  substance  in  a similar  position  with  the  first, 
each  divided  ray  passes  through  without  any  change ; but 
if  the  second  refracting  substance,  such  as  a rhomboid  of 
calcareous  spar,  be  turned  round  while  the  first  is  fixed, 
a separation  of  each  of  the  divided  rays  begins  to  take 
place  : when  the  eighth  part  of  a revolution  is  completed 
each  is  again  divided  into  two,  so  that  four  images  of  an  ob- 
ject can  be  seen  j and  when  the  fourth  part  of  a revolution 
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is  completed,  the  direction  of  the  rays  is  changed,  and  the 
four  are  again  reduced  to  two.  The  change  thus  impressed 
on  light  is  named  its  Polarization.  And  it  has  been  dis- 
covered by  Malus,  that  this  property,  which  had  been  con- 
sidered as  an  effect  only  of  double  refraction,  may  be  ac- 
quired, by  reflection  at  a particular  angle,  Irom  all  tran- 
sparent bodies  ; and  even  light  reflected  from  opaque  bo- 
dies is  polarized. 

A ray  of  light  is  not  homogeneous,  but  consists  of  va- 
rious rays,  which  being  diflerenily  refrangible,  are  sepa- 
rated when  the  entire  ray  is  made  to  fail  on  a refracting 
medium  at  a great  angle  of  incidence.  By  thus  passing 
a ray  of  white  light  through  a triangular  glass  prism,  it  is 
divided  into  seven  rays,  distinguished  by  the  power  of  ex- 
citing the  sensations  of  different  colours,  red,  orange,  yel- 
low, green,  blue,  indigo  and  violet.  Of  these  the  red  is 
the  least  refrangible,  and  therefore  falls  on  a space  least 
distant  from  that  which  the  entire  ray  of  light  would  have 
fallen  on,  had  it  passed  through  the  prism  without  having 
its  direction  changed.  The  violet  is  the  most  refrangible; 
it  therefore  is  at  the  greatest  distance;  these  two  bounding 
the  space  winch  the  rays  occupy,  or  the  prismatic  spec- 
trum as  it  is  termed,  the  others  being  arranged  in  the  or- 
der above  stated,  and  occupying  unequal  spaces  in  the 
spectrum.  They  are  not  perlectly  defined,  but  each  pas- 
ses insensibly  into  the  contiguous  one.  By  transmitting 
ea,ch  of  these  rays  through  a jn  ism,  it  is  refracted,  but 
without  suffering  any  farther  change. 

It  has  often  been  supposed,  that  of  the  seven  coloured 
rays  into  which  a beam  of  light  is  resolved  by  refraction, 
some  are  primary,  and  by  their  intermixture  constitute 
the  others.  The  unchangeablencss  of  each  of  these  rays 
by  a second  refraction,  it  is  justly  remarked  by  Pricur,  is 
not  inconsistent  with  this  opinion  ; for  if  any  coloured  ray 
be  formed  of  other  two  ravs,  these  must  be  of  the  same 
refrangibility,  since  it  is  only  from  this  coincidence  that 


OF  LIGHT. 


535 


they  could  be  in  the  same  place  of  the  prismatic  spectrum 
to  form  the  compound  ray,  and  a second  refraction  can- 
not be  supposed  capable  of  separating  them.  The  red, 
yellow  and  blue  have  been  considered  as  primary  rays,  as 
by  the  intermixture  of  these  colours  the  others  are  pro- 
duced ; red  with  yellow  giving  orange ; yellow  with  blue 
forming  green;  and  blue  with  red,  indigo.  Priur  advan- 
ced the  hypothesis,  that  the  red,  green  and  violet  are  the 
primary  rays ; the  red  and  green  form,  when  the  red  pre- 
dominates, orange;  when  the  green  predominates,  yellow; 
the  green  and  violet  form  blue  ; and  the  violet  and  red, 
purple.  This  he  considered  as  established  by  finding, 
that  on  submitting  one  of  the  compound  rays  to  trans- 
mission through  a medium  capable  of  intercepting  one  of 
the  primary  rays,  of  which  it  is  supposed  to  consist,  the  re- 
sult corresponded  with  the  hypothesis  in  a variety  of  trials; 
and  also,  by  obtaining  white  light  by  combining  the  red, 
green,  and  blue  rays  *. 

The  coloured  rays  differ  in  other  properties.  Herschel 
has  shewn  that  their  illuminating  powers  are  unequal. 
By  causing  the  different  coloured  rays  to  fall  successively 
on  an  object  under  the  microscope,  he  found  that  the  red- 
makino-  rays  are  far  from  having  it  in  any  eminent  degree ; 
the  orange  possess  more  of  it  than  the  red  ; and  the  yel- 
low rays  illuminate  objects  still  more.  The  maximum  of 
illumination  lies  in  the  brightest  yellow  or  palest  green. 
The  green  is  nearly  equally  bright  with  the  yellow  ; but 
from  the  full  deep  green,  the  illuminating  power  decrea- 
ses ; that  of  the  blue  is  nearly' the  same  with  that  of  the 
red  •,  the  indigo  has  much  less  than  the  blue  ; and  the  vio- 
let is  very  deficient  f These  rays  exert  also  different 
chemical  agencies. 

The  differences  in  the  coloured  rays  were  supposed  by 

> Nicholson’s  Journal,  vol.  xvii,  p.  18. 

t Philosophical  Transactions  for  1800,  p.  267. 
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Newton  to  depend  on  the  different  magnitudes  of  their 
particles,  tliose  of  the  red  ray  being  supposed  to  be  larg- 
est. By  others  they  have  been  ascribed  to  the  different 
velocitie.s  witli  whicli  they  are  projected  from  the  luminous 
body ; the  red  moving  with  the  greatest,  the  violet  with 
the  least.  With  whatever  pi'obability  these  hypotheses 
may  explain  optical  phenomena,  they  scarcely  afford  an 
explanation  of  the  fact,  that  these  rays  differ  not  oidy  in 
their  mechanical  })roperties,  and  in  the  sensations  of  vision 
which  they  excite,  but  likewise  in  their  chs  mical  powers. 

The  rays  of  light  have  different  relations  to  different  bo- 
dies. Through  some  they  pass  with  scarcely  any  inter- 
ruption : these  are  transparent,  and,  according  to  Newton, 
consist  of  particles  of  equal  density  and  arranged  w'ith  uni- 
formity, so  that  the  ray  of  light  meets  with  no  obstacle, 
and  is  not  attracted  from  its  course.  By  some  bodies  the 
greater  part  of  the  rays  is  reflected.  Some  reflect  one  ray 
retaining  the  others,  w'hich  gives  rise  to  the  different  co- 
lours bodies  exhibit  ; and,  lastly,  there  are  some  by  which 
the  light  is  absorbed,  and  by  numerous  reflections  and  re- 
fractions in  their  pores,  is  lost,  constituting  blackness. 

Light  can  also  form  a more  intimate  union  with  bodies. 
Of  this  there  appear  to  be  different  degrees.  In  many 
cases  it  is  absorbed  without  producing  any  change  in  the 
qualities  of  the  body,  and  is  again  slowly  given  out ; in 
others  it  occasions  alterations  of  temperature  and  of  com- 
position, or  acts  as  an  important  chemical  power. 

\\diat  is  called  Pho»})horescence  seems  to  depend  on 
the  first  of  these  species  of  union.  There  are  substances 
W'hich,  on  being  exposed  to  the  solar  rays,  appear  lumin- 
ous wlien  icmoved  to  a dark  place,  and  continue  to  emit 
light,  for  some  time ; the  luminous  appearance  becomes 
gradually  fainter  in  all  of  them,  and  at  length  ceases,  but 
it  is  renewed  by  exposing  them  again  to  the  light  of  the 
sun.  1 he  bodies  possessing  this  property  are  termed 
1 liosphori,  or  fSolar  Phosphori,  to  distinguish  them  from 


OF  LIGHT. 


537 


an  inflammable  substance,  Phosphorus,  of  a quite  different 
nature.  This  property  was  first  observed  in  a fossil  na- 
med the  Bolognian  Stone  (a  natural  sulphate  of  barytes.) 

ir^raaf,  Du  Fay,  and  others,  discovered  that  many  o- 
ther  substances  possessed  the  same  quality ; and  Beccaria 
and  VV^ilson  found  that  almost  every  kind  of  matter  in  a 
solid  state,  the  metals  and  a few  other  bodies  excepted, 
might  be  made  to  emit  light,  by  being  exposed  to  the  solar 
rays. 

There  is  a great  difference  among  these  bodies  in  the 
quantity  of  light  which  they  emit.  The  shells  of  marine 
animals,  the  bones  of  land  animals,  some  of  the  gems, 
marbles,  limestone,  sulphate  of  barytes,  fluor  spar,  and 
other  combinations  of  earths  with  acids,  are  the  most  power- 
ful natural  phosphor! sugar,  white  paper,  and  linen,  pos- 
sess the  same  quality  in  an  eminent  degree.  In  general 
white  bodies  are  more  phosphorescent  than  those  of  a dark 
colour,  though  to  this  there  are  exceptions,  and  some  per- 
• fectly  white  scarcely  shine.  Many  phosphori  shine  so 
feebly  that  the  illutnination  is  not  observed,  unless  the  sen- 
sibility of  the  eye  to  light  is  increased  by  previously  re- 
maining for  some  time  in  a dark  place,  and  surveying  them 
when  new'ly  withdrawn  from  the  solar  light. 

Artificial  solar  phosphori  may  be  prepared,  which  emit 
more  light,  and  for  a longer  time  than  the  greater  number 
of  natural  phosphori.  Of  this  kind  is  the  Bolognian  phos- 
phorus, the  substance  first  discovered  to  possess  this  pro- 
perty. The  Bolognian  stone  is  a sul  hate  of  barytes,  and 
any  variety  of  this  fossil  that  is  pure  answers  the  purpose. 
It  is  made  red  hot  in  a crucible,  and  is  reduced  to  a fine 
powder  in  a stone  or  glass  mortar  (a  metallic  one  being 
absolutely  unfit.)  This  powder  is  made  into  a paste  with 
mucilage  of  tragacanth,  and  this  is  divided  into  thin  cakes, 
which  are  to  be  dried  with  a gentle  heat,  gradually  increa- 
sed. A furnace  is  then  to  l)e  filled  with  pieces  of  charcoal 
to  three-fourths  of  its  height,  and  the  fire  kindled.  Upon 
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this  are  laid  the  flat  cakes,  and  more  charcoal  is  placed 
over  them  so  as  to  fill  the  furnace.  The  fire  is  to  be  con- 
tinued till  all  the  fuel  is  consumed  ; the  cakes  are  then  to 
be  cleansed  from  the  ashes  by  blowing  on  them  with  bel- 
lows. They  are  to  be  kept  excluded  from  the  air. 

Another  artificial  solar  phosphorus  is  that  termed  Bald- 
win’s. It  is  nitrate  of  lime  which  has  been  exposed  to  a 
red  heat  in  an  earthen  vessel.  Its  phosphorescence  is  in- 
ferior to  that  of  the  former. 

The  most  powerful  of  the  artihcial  solar  phosphor!  is 
that  named  Canton’s.  To  prepare  it,  oyster-shells,  freed 
-from  their  impurities  by  washing,  are  exposed  to  a red 
heat  in  a common  fire  for  half  an  hour ; the  purest  part 
is  separated  and  pounded  in  a stone  mortar  : three  parts 
of  this  powder  are  mixed  with  one  of  sulphur ; this  mix- 
ture is  pressed  into  a crucible,  which  is  placed  in  a file, 
and  kept  red  hot  for  one  hour  at  least.  When  it  is  cold 
the  mass  is  broken,  and  the  whitest  parts  scraped  off  for 
use  *.  Or  what  is  recommended  in  preference  to  this  by 
Dr  Higgins,  the  oyster- shells,  after  being  calcined  without 
bein«:  reduced  to  powder,  are  to  be  put  into  the  crucible 
in  alternate  layers  with  sulphur,  and  exposed  to  the  requi- 
site heat.  This  phosphorus,  after  it  has  been  exposed  for 
a few  seconds  to  the  clear  light  of ‘day,  appears  luminous 
in  a dark  place  ; and  the  figures  on  the  dial-plate  of  a 
watch  may  be  distinguished  by  its  light. 

The  light  these  bodies  emit  is  usually  white,  but  in  some 
of  them  yellow  or  red.  'Hie  phosphorescent  property  be- 
longs to  them  in  very  different  degrees.  Some  require  to 
be  exposed  to  the  solar  rays  to  render  them  luminous,  and* 
even  to  the  rays  concentrated  by  a lens.  With  regard  to 
others,  it  is  sufficient  to  expose  them  to  clear  day-light; 
after  this  exposure  they  are  equally  luminous  as  when  they 
have  been  exposed  to  the  light  of  the  sun,  and  they  con- 
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tinue  longer  so,  as  in  the  latter  case  the  heat  which  they 
receive  contributes  to  expel  the  light  more  rapidly.  Some 
can  be  illuminated  by  the  light  of  a candle,  or  by  that  of 
an  Argand’s  lamp  concentrated  by  a mirror.  The  light 
ol  the  moon,  or  that  emitted  from  other  phosphori  is  in- 
sufficient. 1 he  exposure  of  a few  seconds  to  the  light  is 
sufficient  to  illuminate  them,  and  when  exposed  for  a long- 
er time  they  are  not  rendered  more  luminous.  Canton’s 
phosphorus  is  rendered  highly  luminous  by  passing  over 
it  an  electrical  discharge ; and  Mr  Skrimshire  has  shewn, 
that  a number  of  saline  and  earthy  substances  are  illumi- 
nated by  the  same  operation,  so  as  to  emit  light  for  several 
minutes  after  the  discharge  has  been  communicated  *. 

The  temperature  has  a material  influence  on  the  phos- 
phorescent property.  It  is  extinguished  by  the  cold  of  a 
freezing  mixture,  but  returns  as  the  temperature  rises.  If 
heat  is  communicated,  the  luminous  appearance  is  increa- 
sed. Beccaria  filled  a glass  tube  with  pounded  Bolognian 
phosphorus,  and  after  exposing  it  to  the  light,  plunged  one 
half  of  it  in  warm  water,  and  observed  that  it  gave  light 
more  copiously  than  the  part  which  was  in  the  open  air. 
When  a piece  of  these  phosphori  has  ceased  to  emit  light, 
it  may  be  rendered  luminous  by  heating  it  j but  when  the 
luminous  appearance  is  thus  promoted  by  heat,  it  ceases 
sooner.  Mr  Canton  filled  two  glass-balls  with  his  phos- 
phorus; illuminated  them  at  the  same  time,  and  to  the 
same  degree : both  were  brought  into  a dark  room,  and 
one  was  put  into  a bason  of  boiling  water;  it  shone  much 
brighter  than  the  other,  but  in  ten  minutes  became  quite 
dark,  whereas  the  other  continued  visible  for  two  hours 
alter,  and  even  then  the  lieat  of  the  hand  rendered  it  more 
luminous.  Wlien  by  exposure  to  a certain  degree  of  heat 
the  phosphorescent  body  has  ceased  to  be  luminous,  it 
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may  be  made  to  give  out  light  by  exposing  it  to  a still 
hio-hcr  temperature.  By  a temperature  somewhat  below 
jo-nitiou,  Canton’s  phosphorus,  wlu'ch  had  been  kept  in 
darkness  more  than  six  months,  gave  a considerable  light. 

These  lacts,  and  the  general  phenomena  of  phosphores- 
cence, lead  to  the  conclusion  that  the  phosphorescent  bo- 
dy absorbs  a portion  of  the  light  to  which  it  is  exposed  ; 
that  this  light  is  again  gradually  emitted  ; and  that  its  ex- 
pulsion is  accelerated  by  heat. 

There  is,  however,  an  objection  to  this  theory.  Du 
Fay  tbund,  that  on  exposing  solar  phosphori  to  light 
transmitted  through  coloured  glasses,  the  light  afterwards 
emitted  had  not  the  least  tint  of  the  colour  of  the  glass  *. 
These  experiments  were  repeated  by  ^^Ir  Wilson  ; he 
could  not  discover  any  diflerence  in  the  kind  of  light  e- 
mitted  bv  the  phosphorescent  Itody,  from  such  an  arrange- 
ment; and  Beccaria,  who  had  at  first  obtained  a different 
result,  also  found  this  to  be  the  case.  Even  in  the  more 
unexceptionable  mode  of  conducting  the  experiment,  of 
separating  the  different  rays  by  the  prism,  and  throwing  a 
single  ray  upon  the  phosphorescent  body,  it  still  emits  the 
light  which  it  does  upon  merely  exposing  it  to  the  light  of 
day.  If  a piece,  which  in  the  dark  gives  a white  light, 
have  a red  light  thrown  upon  it,  it  still  continues  to  give 
out  an  uniform  white  light:  or  if  a piece  which  naturally 
exhibits  the  prismatic  colours,  as  some  phosphori  do,  be 
exposed  to  a white  light,  or  to  any  particular  ray,  its  pris- 
matic appearance  still  remains  the  same  f.  Nay,  when  a 
specimen  is  selected  which  shines  with  a particular  colour, 
red  for  example,  if  the  red  ray  be  thrown  upon  it,  it  shines, 
according  to  Wilson,  feebly,  while  exposed  to  a diherent 
ray,  as  the  violet,  it  gives  its  usual  red  light  brilliantly  ; 
with  the  blue,  the  same,  but  not  so  vividly  ; and  with  the 
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green  less.  Anti,  if  a piece  were  selected,  which  shone 
with  a blue  light,  it  was  feebly  excited  by  the  blue  ray, 
but  strongly  by  the  red  *.  Secbeck  has  more  lately  found, 
that  under  exposure  to  any  coloured  ray  a phosphoi’escent 
body  still  shines  with  the  usual  kind  of  light  which  it  gives 
out  when  exposed  to  white  light.  These  facts  ai’e  unfa- 
vourable to  the  conclusion,  that  the  light  of  phosphores- 
cent bodies  is  that  which  they  had  absorbed,  and  have  led 
to  the  inference  that  they  shine  by  their  own  light,  and 
that  exposure  to  light  is  only  necessary  to  cause  it  to  be 
thrown  oil.  It  is  not  improbable,  however,  that  the  dif- 
ferent varieties  of  light  are  convertible  into  each  other,  and 
on  this  supposition  the  fact  may  be  accounted  for,  in  con- 
formity with  the  common  theory  of  phosphorescence. 

The  phosphorescent  property  is  independent  of  any  ac- 
tion ol  the  air,  any  of  these  bodies  being  equally  luminous 
in  a glass  vessel  hermetically  sealed.  The  phosphores- 
cence is  even  impaired  by  long  exposure  to  the  air,  appa- 
rently from  absorption  of  moisture.  When  the  phospho- 
rescent matter  is  included  in  a glass  vessel,  hernieticallv 
sealed,  Mr  Canton  found,  that  the  property  remains  un- 
impaired for  a long  time,  (four  years,)  the  luminous  ap- 
pearance being  produced  as  at  first  by  exposure  to  light; 
but  if  a little  water  be  included  with  it,  it  is  soon  lost. 
yVlkohol  impaired  it  little,  and  ether  not  at  all  f. 

There  is  another  class  of  phosphorescent  bodies  quite 
different  from  the  former,  which  give  out  light  when  heat- 
ed, independent  of  any  previous  exposure  to  light ; this  is 
much  diminished  at  each  time  the  light  is  emitted,  and  is 
not  renewed  by  exposure  to  the  sun’s  rays.  The  mode  of 
shewing  this  phosphorescence,  is  to  throw  the  body,  re- 
duced to  powder,  on  a plate  of  iron,  heated  nearly  to  red- 
ness, or  to  drop  it  into  a hot  fluid.  In  some  the  light  is 
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momentary  ; in  others  it  lasts  for  several  minutes  : it  is  in 
general  uncoloured,  though,  from  various  bodies,  it  is  also 
of  various  colours.  Fluor  spar  is  the  most  powerful  phos- 
phorescent body  of  this  family  ; it  emits  a beautiful  pur- 
ple, or  sometimes  a green  light;  and  the  variety  of  it  na- 
med Chlorophane,  not  only  becomes  highly  luminous  from 
a very  gentle  heat,  but  also  shines  brightly  after  exposure 
to  light.  Next  to  fluor  spar  are  difti  rent  marbles,  feldspar, 
quartz,  gems,  and  other  earthy  fossils.  'Fhe  luminous  ap- 
pearance is  independent  of  the  action  of  the  air,  and  is  of 
the  same  intensity  in  the  exhausted  receiver  of  an  air- 
pump,  or  in  different  gases.  Even  liquid."  give  the  same 
light  when  poured  on  a hot  iron,  particularly  those  of  an 
oily  nature,  as  Brugnatelli  has  observed. 

Attrition  also  excites  phosphorescence  in  some  bodies. 
It  has  been  long  known,  that  some  of  the  gems  when  rub- 
bed shine  brightly.  Two  pieces  of  quartz  rubbed  against 
each  other  become  luminous  on  the  surface.  And  in  some 
fossils,  as  the  tremolite,  the  phosphorescent  property  is  so 
(Treat,  that  friction  from  a feather  excites  it. 

Mr  Wedgwood,  by  whom  a number  of  experiments  was 
made  on  the  phosphorescence  from  heat  and  from  attri- 
tion *,  found,  that  if  the  attrition  is  strong,  the  light  emit- 
ted is  greater.  By  applying  a piece  of  agate  to  the  cir- 
cumference of  a wheel  of  grit,  on  causing  it  to  revolve,  the 
agate  where  it  touches  the  stone  becomes  red  hot ; if  the 
wheel  revolve  at  a quicker  rate,  the  touching  point  emits  a 
pure  white  light  and  glowing  sparks  ; rock  crystal,  glass, 
atid  other  bodies,  are  in  'the  same  way  rendered  ecpially 
luminous.  In  general,  colourle.ss  and  transparent  bodies, 
whose  surfaces  become  rough  by  rubbing,  give  most  light. 
The  light  is  from  some  bodies  colourless,  and  from  others 
coknirod  of  various  shades,  it  is  equally  bright  in  the  dif- 
ferent kinds  of  air,  and  even  under  water.  Mr  Wedg- 
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wood  shewed  also  that  it  is  not  electrical,  as  on  rubbinf^ 
two  pieces  ol  quartz  together,  and  applying  them  to  the 
fine  down  of  a feather,  the  down  is  not  sensibly  affected. 
He  supposes,  that  attrition  excites  phosphorescence  by  the 
heat  it  occasions  •,  this  heat  is  momentary,  and  confined 
to  the  rubbed  surface,  but  it  may  be  sufficiently  high  to  pro- 
duce the  phosphorescent  appearance.  Bournon  has  ob- 
served, however,  that  there  are  fossils  which  are  rendered 
phosphorescent  only  by  friction,  as  quartz  or  corundum  ; 
others  only  by  heat,  as  carbonate  of  strontites,  or  of  bary- 
tes, while  there  are  many  which  become  phosphorescent 
from  either  cause,  as  phosphate,  fluate,  and  carbonate  of 
lime  The  very  slight  friction,  also,  which  is  sufficient 
to  render  some  bodies  luminous,  is  unfavourable  to  the  o- 
pinion  of  the  evolution  of  the  light  being  owing  to  the  heat 
which  attrition  excites. 

A light,  analogous  to  phosphorescence,  is  produced  in 
some  bodies  by  chemical  action.  It  is  observed  when  mag- 
nesia, or  lime,  or  pure  potash,  is  thrown  into  the  mineral 
acids,  as  well  as  in  the  rapid  slaking  of  quicklime  by  affu- 
sion of  water  f.  Dize  has  shewn,  that  it  is  accompanied 
with  elevation  of  temperature  1. 

1 here  remains  to  be  noticed  one  other  kind  of  phospho- 
rescence, that  exhibited  by  animal  matter,  either  in  a living 
or  dead  state.  Marine  animals  are  remarkable  for  this 
property  ; almost  every  kind  of  marine  fish,  after  havincr 
been  removed  a short  time  from  the  water,  being  luminous 
in  the  dark,  and  some  shining  with  great  brightness  for 
three  or  four  days.  The  flesh  of  some  quadrupeds  has  been 
observed  to  emit  light ; and  a si|niJar  light  is  afforded  by 
certain  vegetable  substances,  as  decayed  wood,  or  peat- 
earth.  This  species  of  phosphorescence  has  been  the  sub- 
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ject  of  experiment  by  Boyle  *,  afterwards  by  Canton  f,  and 
more  recently  by  Dr  liulmef,  and  Mr  Macartney  §. 

This  light  does  not  appear,  unless  in  a lew  instances, 
until  the  animal  has  been  for  some  time  deprived  of  life ; 
it  is  always  apparent,  however,  before  there  are  any  signs 
of  putrefaction.  A certain  degree  of  putrefaction  does  not 
seem  incompatible  with  it,  as  appears  from  the  experi- 
ments of  Canton  ; but,  according  to  Hulmc,  “ as  soon  as 
a oreat  degree  ot  putrescence  has  taken  place,  the  lumi- 
nmis  property  is  destroyed,  and  the  light  extinguished.”^ 
He  has  also  remarked,  that  in  the  instances  recorded  ol 
the  flesh  of  land  animals  being  phosphorescent,  it  appears 

to  have  been  in  a fresh  slate. 

The  luminous  matter  of  these  substances  may  be  sepa- 
rated, and  preserved  for  a lime  by  certain  processes.  Can- 
ton observed,  that  sea  water,  or  a solution  of  salt  of  a cer- 
tain strength,  became  luminous,  from  the  substance  of  a 
fresh  herring  being  immersed  in  it.  Dr  Huline  found, 
that  other  saline  solutions  acted  as  solvents  ol  this  lumi- 
nous matter.  About  four  drachms  ot  the  substance  ot  a 
fresh  herring  were  put  into  a solution  of  two  drachms  of  sul- 
phate of  magnesia  in  two  ounces  of  cold  water.  The  liquor 
the  second  evening,  exhibited  a lucid  ring  placed  at  the 
top,  and  on  shaking  the  phial  the  whole  became  beauti- 
fully luminous.  It  continued  to  possess  this  pioperty  foi 
some  time,  the  luminous  matter  separating,  and  being  a- 
gain  mixed  by  agitation  •,  it  gradually,  however,  became 
fess  luminous,  and  on  the  fourth  night  was  extinguished. 

Many  other  saline  solutions,  such  as  those  of  sea-salt,  of 
nitre,  sulphate  of  soda,  &c.  have  the  same  property  of  ex- 
tracting the  luminous  matter  from  marine  animals.  It  is 
probabty  from  sea- water  having  dissolved  this  matter  that 
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the  ocean  appears  occasionally  luminous,  though  this  ap- 
pearance seems  also  to  depend  on  other  causes,  especially 
on  the  presence  of  phosphorescent  animalcula  * : and  ac- 
cording to  Mr  Macartney,  it  is  always  produced  by  living 
animals,  and  most  frequently  by  the  presence  of  the  me- 
dusa scintillans.  Fresh- water  is  incapable  of  extracting 
this  luminous  matter,  and  even  prevents  the  fish  immersed 
in  it  from  becoming  luminous.  A number  of  substances 
extinguish  this  light,  such  as  pure  water,  the  acids  and  al- 
kalies, fermented  liquors,  and  ardent  spirits;  and,  what  is 
singular,  it  is  extinguished  by  saturated  solutions  of  the 
salts  that  preserve  it  when  in  dilute  solutions.  Dr  Flulme 
found,  however,  that  in  these  concentrated  solutions  the 
light  exists,  and  may  be  made  to  appear  by  dilution  -with 
water,  and  it  may  thus  be  repeatedly  extinguished  and  re- 
vived, by  adding  either  salt  or  water. 

The  luminous  appearance  is  augmented  by  motion  or 
agitation  ; it  is  impaired,  and  even  extinguished  by  cold, 
but  is  revived,  and  rendered  brighter  by  a moderate  heat. 
By  a great  degree  of  heat,  such  as  that  of  boiling  water, 
it  is  extinguished,  and  does  not  revive  on  cooling.  It  ap- 
pears to  be  in  some  measure  dependent  on  exposure  to 
air,  as  Dr  Hulme  found  that  the  pai'ts  of  fish  which  were 
not  thus  exposed  were  dark,  while  the  parts  exposed  were 
luminous.  He  did  not  find  it  to  be  brighter  in  oxygen 
gas  than  in  atmospheric  air.  Nitrogen  gas  appeared  to 
prevent  the  animal  matter  from  becoming  luminous,  but 
did  not  extinguish  it  when  it  had  previously  begun  to 
shine ; hydrogen  gas,  nitrous  gas,  carbonic  acid  gas,  and 
sulphuretted  hydrogen  gas,  not  only  prevent  the  luminous 
appearance,  but  extinguish  it  if  it  had  come  on.  It  is  al- 
so impaired,  and  at  length  extinguished  in  the  vacuum 
of  an  air-pump,  but  rc-appears  when  the  air  is  admitted  f. 
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The  emission  of  light  in  any  of  those  cases  is  not  accom- 
panied with  any  sensible  heat,  the  temperature  ot  the  lumi- 
nous matter  being  the  same  with  that  of  the  surrounding  air. 

The  light  from  decayed  wood  appears  to  be  similai . Boyle 
observed  that  a j)iece  of  rotten  wood  that  was  luminous, 
ceased  to  shine  when  placed  in  an  exhausted  receiver,  and 
became  luminous  when  the  air  w’as  admitted  *.  1 his  has 

been  confirmed  by  Dr  Hulme.  It  has  also  been  ascer- 
tained by  Spallanzani,  Carradori,  Humbt>ldt,  and  by 
Hulme  and  Bockman,  that,  in  nitrogen,  hydrogen,  car- 
bonic acid,  carburetled  and  sulphuretted  hydrogen  gases, 
its  luminous  appearance  is  soon  extinguished,  but  is  revi- 
ved when  atmospheric  air  is  admitted.  Dr  Hulme  ascer- 
tained, too,  that  luminous  wood  had  the  property  of  shi- 
nino;  only  when  it  had  been  exposed  to  the  air,  (or  per- 
haps  to  the  light,)  as  when  newly  broken  the  internal  sur- 
face (lid  not  begin  to  shine  for  some  time.  1 hese  facts  ap- 
pear to  prove  that  the  emission  of  the  light  depends  on 
some  action  of  the  air,  or  of  its  oxygen.  There  are  others, 
however,  inconsistent  with  that  supposition.  Boyle  re- 
lates, that  a piece  of  rotten  wood  inclosed  in  a glass  tube 
which  was  hermetically  sealed,  continued  to  shine  as  be- 
fore f.  Forster  mentions,  that  luminous  wood  does  not 
change  its  appearance  when  introduced  into  oxygen,  which 
is  confirmed  by  Hulme  and  Bockman.  And  the  last  ex- 
perimenter ascertained,  that  when  the  luminous  appear- 
* ance  had  ceased  in  these  gases,  afresh  piece  of  w^ood  shone 
for  some  time  % ; and  likewise,  that  the  wood  when  lumi- 
nous continued  to  shine  for  a number  of  hours  in  spring 
water,  or  in  boiled  or  distilled  water,  as  well  as  in  several 
saline  solutions,  and  in  linseed  oil  1].  1 he  luminous  ap- 

])eavance  was  extinguished  instantaneously  by  the  acids, 
and  speedily  by  alkohol,  as  also  by  a high  temperature; 
though  by  a moderate  heat,  as  that  ot  100°,  it  is  rendered 
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tnore  vivid,  while  by  cold  it  is  repressed.  In  all  these  cir- 
cumstances, this  phosphorescence  is  similar  to  that  of  ani- 
mal matter. 

Certain  insects,  both  alive  and  dead,  emit  liffht  occa- 
sionally.  7’he  glow-worm  (lampyris  splendidula)  has  been 
long  known  from  this  property  ; tlie  light  is  variable,  being 
at  one  moment  brilliant,  and  at  another  weak  or  extinct. 
It  proceeds  from  two  rings  at  the  inferior  part  of  the  ab- 
domen, the  phosphorescent  matter  being  included  in  a re- 
ceptacle from  which  it  may  be  expressed.  Other  insects 
have  a similar  property,  as  the  lantern-fly  of  the  West  In- 
dies. Mr  Macartney  has  enumerated  a number  of  these 
phosphorescent  animals,  all  of  them  belonging  to  the  class- 
es of  insects,  worms,  mollusca  and  zoophytes  : the  phos- 
phorescent matter  from  a number  of  them  is  liquid,  but 
appears  in  all  to  observe  nearly  the  same  laws.  It  conti- 
nues to  shine  for  some  hours,  and  is  rendered  brighter  by 
friction  and  by  warmth,  but  it  cannot  be  inflamed.  Ex- 
periments on  this  kind  of  phosphorescence  have  been  made, 
however,  principally  on  the  glow-worm.  Forster  obser- 
ved, that  in  oxygen  gas  it  shines  with  more  splendour  than 
in  atmospheric  air,  and  the  brilliancy  is  also  more  perma- 
nent, but  it  fades  when  removed  from  the  oxygen.  The 
gas  did  not  appear  to  be  impaired  in  its  purity.  Forster 
conceived  the  luminous  matter  to  be  a secretion  from  the 
animal,  connected  with  its  respiration,  and  shining  more 
when  the  air  is  inspired  than  when  it  is  expired  j whence 
he  explains  its  variable  light  *.  According  to  Carradori  f, 
the  luminous  appearance  depends  on  the  will  of  the  ani- 
mal. The  phosphorescent  matter  obtained  from  its  re- 
ceptacle by  compression,  shines  in  oil  or  in  water,  as  well 
as  in  the  air,  and  likewise  in  the  Torricellian  vacuum  j 
and  the  animal  itself  shines  when  immersed  in  water,  and 
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with  more  =]>lemlour  in  tepkl  than  in  cold  water.  The 
huninons  npju’arance  being  brighter  in  oxygen  gas,  Car- 
radori  supposed,  owing  to  the  stimulus  which  the  gas  coni- 
inunicates  to  the  animal.  The  fact  itself,  however,  is 
doubtful,  as  Dr  Hulme  did  not  find  that  the  glow-worm, 
either  dead  or  alive,  shone  with  more  splendour  in  oxy- 
gen gas  than  it  does  in  atmospheric  air.  Mr  Macartney 
found,  that  some  of  the  luminous  medusas  shone  not  only 
under  water,  but  likewise  under  ardent  spiiit,  and  in  an 
exhausted  receiver.  Dr  Hulme  states,  that  this  species  of 
phosphorescence  agrees  with  the  others  in  being  extin- 
guished by  hydrogen,  carbonic  acid,  sulphuretted  hydro- 
gen, and  nitrous  gases,  and  in  returning  when  the  animal 
is  removed  to  the  atmosphei’ic  air.  1.  he  evolution  of  light  in 
the  living  animal  appears  to  be  accompanied,  according  to 
Mr  Macartney’s  observations,  with  a production  of  heat ; 
but  this  does  not  take  place  after  death,  though  the  light 
continues  to  be  emitted. 


The  next  general  fact  to  be  noticed  in  the  chemical  his- 
tory of  light,  is  its  power  of  producing  heat.  This  pro- 
. perty  is  sufficiently  obvious.  The  action  of  the  solar  rays 
is  the  ‘^reat  source  of  the  heat  of  our  globe,  and,  when  con- 
centrated by  a mirror  or  lens,  affords  nearly  the  most  in- 
tense heat  we  can  command. 

Different  substances  are  unequally  heated  by  the  rays 
oflight ; transparent  bodies  allowing  them  to  pass  through 
with  little  interruption,  are  comparatively  little  heated. 
White  coloured  substances  are  less  heated  than  those 
which  are  of  a dark  shade.  Franklin,  by  laying  pieces  of 
cloth  of  different  colours  on  snow,  while  the  sun  shone  up- 
on it,  found  that  the  darker  coloured  cloths  were  most 
heated,  as  was  rendered  evident  by  their  sinking  deepest 
in  the  snow.  A thermometer  blackened  and  exposed  to 
li«dit  rises  hiffher  than  a thermometer,  the  bulb  of  which 
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In  giving  the  history  of  Radiant  Caloric,  I have  stated 
the  fact  in  general,  that  the  different  rays  of  light  have 
different  heating  powers.  Dr  Hutton  had  formed  a con- 
clusion of  this  kind,  probably  from  some  imperfect  obser- 
vation or  experiment.  “ The  compound  light,”  says  he, 
“ which  is  white,  has  a greater  power  of  giving  vision,  in 
proportion  to  its  power  of  exciting  heat ; whereas,  in  the 
red  species  it  is  the  opposite ; for  here  the  power  of  exci- 
ting heat  is  greater,  in  proportion  to  its  power  of  giving 
vision  *.  llochon  had  before  investigated  the  subject  more 
completely,  though  his  experiments  had  attracted  little  no- 
tice. He  found,  that  an  air  thermometer  exposed  to  the 
action  of  the  different  coloured  rays,  separated  by  a prism, 
rose  from  die  violet  to  the  red  j aud  the  proportion  of 
heat  between  clear  red,  and  the  most  intense  violet,  ap- 
peared to  be  nearly  that  of  8 to  1 : the  heat  pf  the  yel- 
low orange  differed  little  from  that  of  the  red,  so  that  the 
hottest  rays  seem  to  be  between  the  clear  red  and  the  yel- 
low ; and  from  these  the  heat  diminished  considerably  more 
towards  the  violet  than  towards  the  red.  The  experiments 
at  the  same  time  were  attended  with  several  discordant  re- 
sults, and  were  confessedly  imperfect  •]•. 

More  lately  this  was  made  the  subject  of  experiment  by 
Herschel,  whose  attention  was  directed  to  it,  by  finding, 
in  employing  different  coloured  glasses  in  viewing  the 
snn,  that  from  some  of  them  he  felt  a sensation  of  heat, 
though  with  little  light,  while  others  gave  light  with  scarce- 
ly any  sensation  of  heat.  He  employed  the  following  ap- 
paratus. In  a piece  of  pasteboard,  mounted  on  a frame 
so  as  to  be  moveabje,  an  opening  was  cut,  a little  larger 
than  the  ball  of  a thermometer,  and  of  a sufficient  length 
to  let  the  whole  extent  of  one  of  the  prismatic  colours  pass 
tlu'ough.  A prism  being  placed  at  right  angles  to  the  so- 
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lar  ray,  and  turned  until  its  refracted  coloured  spectrum 
became  stationary,  the  moveable  frame  with  the  pasteboard 
was  adjusted  so  as  to  be  perpendicular  to  the  rays  coming 
from  the  prism  ; and  beneath  were  delicate  mercurial 
thermometers,  which  could  be  more  or  less  advanced,  so 
that  one  only  of  the  prismatic  rays  should  fall  on  the  bulb. 
The  heating  powers  of  the  different  rays  were  thus  ascer- 
tained. It  was  found  that  they  increase  progressively 
from  the  violet  to  the  red,  and  in  the  following  propor- 
tions ; The  thermometer  rose  in  the  red  ray,  in  ten  mi- 
nutes, 7°  of  Fahrenheit  j in  the  green  ray,  the  rise  in  the 
same  time  amounted  only  to  5 and  in  the  violet  ray, 
in  the  same  time  likewise,  to  two  degrees  *. 

Herschel,  in  the  prosecution  of  his  experiments,  farther 
obtained  the  important  result,  that  the  heating  power  ex- 
tends beyond  the  visible  spectrum  on  the  side  of  the  red 
ray.  When  the  opening  in  the  pasteboard  was  made  to 
coincide  with  this  space,  the  thermometer  rose  half  an 
inch  beyond  the  red  ray,  the  heat  was  even  greater  than 
in  the  red  ray,  and  within  this  was  the  maximum  of  effect; 
it  could  be  traced  farther  however : at  the  distance  of  an 
inch  the  rise  amounted  in  thirteen  minutes  to  5-^  degrees; 
and  the  heating  power  was  discernible  to  the  extent  even 
of  If;  inch  f.  On  the  other  side  of  the  spectrum  beyond 
the  violet  ray  iio  heat  was  found. 

Since  the  calorific  rays  occupy  a larger  space  than  the 
visible  rays,  they  must  be  of  more  extensive  refrangibili- 
ty  ; and  hence,  when  the  solar  rays  are  concentrated  by  a 
lens,  the  focus  of  heat  must  be  different  from  that  of  light. 
On  making  the  experiment,  Flerschel  found  reason  to 
conclude,  that  it  is  farther  from  the  lens  than  that  of  light, 
probably  not  less  than  one-fourth  of  an  inch|. 

These  experiments  were  repeated  and  confirmed  by  Sir 
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H.  C.  Englefiekl,  n differently  arranged  apparatus,  so  as 
to  guard  against  reflected  heat,  being  used.  A prism  was 
placeil  in  the  proper  position,  in  an  open  window  ; the 
coloured  spectrum  from  it  was  thrown  on  a lens  of  I*  in- 
ches in  diameter,  and  about  22  inches  focal  length.  The 
lens,  as  well  as  its  mounting,  was  covered  with  a thick 
white  pasteboard  skreen,  in  which  was  cut  a slit  of  ! in- 
ches long,  and  half  an  inch  wide  over  the  centre  of  the 
lens,  and  through  which  any  of  the  prismatic  colours  could 
be  transmitted,  while  the  others  were  excluded.  A sensible 
mercurial  thermometer,  with  a naked  bulb,  was  placed 
so  that  the  bulb  was  in  the  focus  of  the  lens,  and  the  co- 
loured rays  were  successively  thrown  on  the  bulb.  The 


rise  was  as  follows  : 

In  the  blue,  in 

3' 

from  55°  to  56° 

green,  in 

3' 

from  S-f 

to  58 

yellow,  in 

3' 

from  56 

to  62 

full  red,  in 

ox/ 
- z 

from  .)6 

to  72 

confines  of  t!ie  red. 

2^' 

from  58 

to  73f 

Quite  out  of  vi.sible  light. 

2i' 

from  6J 

to  79 

These  efenote  the  greatest  effect  of  the  different  rays. 
When  the  bulb  of  the  thermometer  was  blackened,  the 
rise  was  greater,  being  in  the  full  red  ray  in  3'  from  65° 
to  82°  •,  in  another  experiment, \ to  87°,  and  in  the  invisi- 
ble ray  to  98°  *.  It  was  beyond  the  full  red  light,  and 
where  a very  faint  blush  of  red  was  perceptible,  that  the 
frreatest  heat  was  discovered ; anil  even  half  an  inch  be- 

O 

yond  the  edge  of  the  red  ray,  and  where  there  was  no  il- 
lumination whatever  in  the  focus,  the  heat  was  still  greater 
than  in  the  red  ray  itself,  the  rise  in  the  former  being  in  3' 
from  69°  to  79f°  ; in  the  latter,  in  3',  from  67*^  to  7 12.°. 

Mr  Leslie  inferred  from  some  experiments,  that  the 
difference  in  the  heating  power  of  the  different  coloured 
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rays,  is  even  greater  than  that  stated  by  llochon  or  Her- 
schel,  the  amount  being  between  the  two  extremes  of  the 
violet  and  red,  as  1 to  16  ; and  the  proportions  between 
the  blue,  green,  yellow,  and  red  rays  being  nearly  as  1, 
4,  9,  16.  He  denies  the  existence  of  any  heating  power 
beyond  the  red  rays. 

Berard,  subsequent  to  these  researches,  submitted  the 
subject  to  experiment,  and  with  peculiar  advantage;  as 
from  the  nature  of  his  apparatus  he  was  able  to  obtain  a 
ray  of  light  perfectly  stable,  and  thus  to  avoid  the  princi- 
pal fallacy,  that  from  the  instability  of  effect  in  comparing 
the  different  rays.  His  experiments  confirm  the  general 
result,  that  the  heating  pow'er  increases  progressively 
through  the  coloured  rays  of  the  spectrum,  from  the  vio- 
let to  the  red : he  did  not  find,  how'ever,  the  maximum  of 
effect  to  be  beyond  the  red  ray,  as  Herschel  and  Engle- 
ffeld  had  found,  but  to  be  within  the  spectrum,  and  exactly 
at  the  point  where  the  bulb  of  the  thermometer  was  entire- 
ly covered  with  the  red  light ; but  he  also  found,  that  the 
heat  could  be  traced  sensibly  be}’ond  the  red  ray,  though 
it  became  progressively  less  as  the  distance  increased.;  and 
at  the  place  beyond  the  visible  spectrum,  where  Herschel 
had  fixed  the  maximum,  it  amounted  only  to  one-fifth  of 
what  it  was  in  the  red  ray.  The  absolute  intensity  of 
heat  produced  was  also  less  than  in  Herschel’s  experi- 
ments. These  differences  might  in  part  arise,  as  Berthol- 
let  suggests,  from  the  nature  of  the  prism,  and  the  difference 
of  the  apparatus.  The  calorific  rays,  Berard  ascertained, 
were  liable  to  the  same  laws  as  the  luminous  rays,  in  trans- 
mission through  a medium  producing  double  refraction  ; 
as  in  passing  a beam  of  solar  light  through  a rhomb  of 
calcareous  spar,  the  calorific  property  was  found  to  be 
gradually  less  from  the  violet  to  the  red,  and  also  to  be 
traced  beyond  the  visible  rays;  and  hence  the  calorific 
power,  whether  it  belongs  to  the  luminous  rays  or  not,  is 
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divided  along  with  them  in  passing  through  the  spar.  He 
also  found,  that  the  calorific  rays  undergo  polarization, 
and  the  same  result  was  obtained  on  those  discharged  from 
a body  highly  heated  *. 

All  these  experiments  appear  to  prove,  that  the  solar 
beam  consists  not  only  of  rays  of  visible  light,  but  like- 
wise of  rays  of  radiant  caloric.  If  this  be  established,  it 
follows  as  a probable  conclusion,  that  the  healing  power 
of  the  solar  rays  may  not  depend  on  the  rays  of  visible 
light,  but  on  the  rays  of  radiant  caloric  associated  with 
them.  The  rays  of  heat,  like  those  of  light,  may  be  of 
unequal  refrangibility.  If  so,  they  will  be  separated  by 
the  prism,  and  spread  over  a certain  space  : this  space  may 
coincide  with  that  occupied  by  the  rays  of  visible  light ; 
the  one  spectrum  will  be  blended  with  the  other,  and  the 
visible  rays  of  light  will  to  common  observation  appear  to 
possess  certain  degrees  of  heating  power,  though,  apart 
from  the  rays  of  caloric,  they  possess  none  a conclusion 
which  becomes  still  more  probable  from  the  fact,  that  the 
heat  is  less  considerable  in  the  prismatic  spectrum,  as  the 
distance  is  receded  from  where  the  calorific  rays  are  ac- 
cumulated. 

To  determine  if  this  conclusion  were  well  founded.  Dr 
Herschel  made  an  extensive  series  of  experiments.  As- 
suming that  the  illuminating  property  is  characteristic  of 
light,  he  inferred,  that  if  the  heating  power  be  a property 
beloiminG:  to  the  visible  ray  as  such,  and  not  owing  to 
any  calorific  ray  associated  with  it,  both  properties  ought, 
when  the  ray  is  transmitted  through  any  transparent 
medium,  to  be  equally  diminished.  We  are  not  to  ex- 
pect that  it  will  pass  through  with  its  powers  undiminish- 
ed. But  it  may  be  expected,  that  if  the  heating  and  illu- 
minating power  depend  on  the  same  matter,  whatever  por- 
tion of  this  matter  be  retained,  these  powers  must  be  dimi- 
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nislied  in  the  same  pioporlion  ; while,  if  the  heating  and 
illuminating  powers  do  not  doj)end  on  the  same  maf^er, 
but  the  one  on  ray>  of  caloric,  and  the  other  on  rays  of 
— it  may  happen  that  these  will  be  unequally  acted 
on  by  the  medium  through  which  they  are  trails  milted  ; 
one  may  be  retained  in  larger  quantity  than  the  other, 
and  hence  the  heating  and  illuminating  powers  will  be 
unequally  diminished.  On  submitting  this  to  trial,  Her- 
schei  found,  from  an  extensive  series  of  experiments,  on 
transmission  of  light  through  different  kinds  of  glass,  dif- 
ferent coloured  glasses,  and  different  fluids,  that  they  are 
not  proportionally  diminished,  but  that  in  some  cases  the 
illuminating  is  more  diminished  than  the  heating  power, 
and  in  others  the  reverse  happens.  He  found,  tor  exam- 
ple, that  of  lOOU  incident  rays,  “ a yellow  glass  stops  only 
333  rays  of  heat,  but  stops  bid  of  light ; on  the  contrary, 
a pale  blue  stops  rays  of  heat,  and  but  iib4*  of  light. 
Again,  a dark-blue  glass  stops  only  362  rays  of  heat,  but 
intercepts  80  i of  light  *,  and  a dark  red  glass  stops  no 
more  than  606  rays  of  heat,  and  yet  intercepts  nearly  all 
the  light,  scarcely  one  ray  out  of  5000  being  able  to  make 
its  way  through  it  *. 

These  experiments  being  made  on  tindecomposcd  light, 
a comparison  can  be  less  easily  instituteil  from  them,  as  to 
the  effect  of  transmission  on  the  heating  and  illuminating 
powers  of  any  single  prismatic  ray  ; and  it  may  even  be 
said,  that  they  prove  only  the  difference,  in  transmission, 
between  the  calorific  rays  and  the  luminous  rays  in  gene- 
ral ; not  that  the  heating  power  of  the  coloured  rays  is 
owing  to  the  presence  of  rays  of  caloric.  It  is  more  con- 
clusive, to  have  the  experiment  confined  to  a single  pris- 
matic ray  ; to  separate  it  from  the  others,  transmit  it 
thiough  a certain  medium,  and  observe  the  effect  pro- 
duced on  its  illuminating  and  heating  powers.  If  the  ray 
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be  homogeneous,  there  will  be  a diminution  in  both  in  the 
same  proportion  ; while,  if  it  be  heterogeneous,  or  consists 
of  rays  of  light  and  heat,  these  will  probably  be  unequally 
stopped,  aiul  the  heating  and  illuminating  powers  must  be 
unequally  diminished. 

To  take  one  example  : “ Is  the  heat  which  has  the  re- 
frangibility  of  the  red  rays  occasioned  by  the  light  of  these 
rays  ? Should  that  be  the  case,  as  there  will  then  be  only 
one  set  of  rays  one  fate  only  can  attend  them,  in  being  ei- 
ther transmitted  or  stopped,  according  to  the  power  of  the 
glass  applied  to  them.”  With  regard  to  the  fact  on  this 
point.  Dr  Herschel  states,  that  from  a scries  of  experi- 
ments, he  finds,  that  red  glass  does  not  stop  red  rays  of 
light  i “ but  with  regard  to  the  rays  of  heat,  the  case  is 
just'the  reverse ; the  red  glass  stops  not  less  than  692  out 
of  a thousand,  of  such  rays  as  are  of  the  refrangibility  of 
red  light.”  He  adds,  “ Here,  then,  we  have  a direct  and 
simple  proof,  in  the  case  of  the  red  glass,  that  the  rays  of 
light  are  transmitted,  while  those  of  heat  are  stopped,  and 
that  thus  they  have  nothing  in  common  but  a certain 
equal  degree  of  refrangibility,  which,  by  tiie  power  of  the 
glass,  must  occasion  them  to  be  thrown  togetiier  into  the 
place  which  is  pointed  out  to  us  by  the  visibility  of  the 
rays  of  light  This  conclusion  admitting  the  fact  seems 
just.  Did  the  heating  power  apparent  in  the  red  ray, 
(and  of  the  prismatic  rays,  it  is  the  one  which  possesses  it 
in  the  greatest  degree,)  dej^end  on  the  visible  light  of  that 
ray,  and  belong  to  it  as  one  of  its  properties  ; since  this 
light  is  not  stopped  by  red  glasses,  the  heat  likewise  ought 
not  to  be  stopped.  Nearly  two-thirds  of  the  heat,  how- 
ever, arc  arrested,  a proof  that  heat  arises,  not  from  the 
visible  light  of  the  ray,  but  from  calorific  rays  associated 
with  it,  which,  by  such  a glass,  are  transmitted  only  in 
this  proportion. 
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In  some  of  Berard’s  experiments,  it  appeared,  that  wlien 
the  entire  solar  beam  was  transmitted  through  transparent 
colourless  glass  the  heat  is  not  separated  from  the  light. 
But  this  does  not  invalidate  Herscliel’s  results. 

The  experiment,  too,  of  separating  the  light  and  caloric 
emitted  from  burning  fuel,  affords  a proof  that  the  heating 
power  does  not  depend  on  visible  light.  By  placing  a 
piece  of  transparent  glass  before  the  lire,  the  radiant  calo- 
ric is  in  a great  measure  arrested  ; the  light  is  transmitted, 
and  may  be  collected  in  a focus,  in  which  is  little  sensible 
heat. 

These  discoveries  open  a new  view  of  the  nature  of  light, 
and  of  the  constitution  of  the  solar  ray.  No  tact  appear- 
ed more  undoubted  than  that  light  has  a power  of  exciting 
heat ; and  when  the  solar  beam  was  resolved  into  its  dif- 
ferent coloured  rays,  it  was  supposed  that  it  was  analysed, 
and  that  these  were  its  sole  constituent  parts.  It  appears 
that  both  these  propositions  arc  false.  A solar  ray  con- 
sists of  the  different  visible  rays  of  light;  but  with  these 
are  associated  rays  of  caloric.  These  two  kimU  of  rays  not 
only  differ  from  each  other  in  refrangibility,  but  each  ap- 
pears to  be  composed  of  rays  of  unequal  refrangibility. 
Hence,  when  decomposed  by  the  prism,  each  is  spread 
over  a considerable  space.  The  radiant  caloric  is  less  re- 
frangible than  the  rays  of  light;  it  is  therefore  found  be- 
yond the  prismatic  spectrum  on  the  side  where  the  less  re- 
frangible visible  rays  arc ; but  being  composed  of  rays  of 
unequal  refrangibility,  it  is  not  confined  to  that  space,  but 
is  intermingled  with  the  different  coloured  rays,  diminish- 
ing as  these  become  more  refrangible.  To  this  intermix- 
ture the  heating  power  w'hich  these  coloured  rays  appear 
to  have  in  different  degrees  is  to  be  ascribed  ; and  apart 
from  this  radiant  caloric  wc  have  no  reason  to  believe  that 
light  has  any  heating  power.  Of  light  without  heat  w'e 
have  an  example  in  the  rays  of  the  moon.  Dc  la  Hire 
ebserved  long  ago,  that  when  collected  in  the  focus  of  a 
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burning  mirror  35  inches  in  diameter,  they  did  not  sensi- 
bly affect  an  air  thermometer  *. 

Mr  Leslie,  assuming  that  the  intensity  of  light  may  be 
estimated  by  the  heat  it  excites,  has  employed  his  differ- 
ential thermometer,  with  a particular  modification,  as  a 
Photometer.  One  of  the  balls  of  the  instrument  is  made 
of  black  enamel,  tlie  other  of  clear  glass  ; the  rays  of  light 
which  fall  on  the  latter  pass  through  with  little  interrup- 
tion, and  little  heat  is  therefore  produced  ; those  which  fall 
on  the  former  are  absorbed,  exciting  a higher  degree  of 
heat.  This  continues  to  accumulate,  until  any  farther  in- 
crease is  prevented  by  an  opposite  dispersion  of  heat  from 
the  rise  of  temperature  in  the  ball;  it  then  remains  sta- 
tionary : the  air  in  this  ball  being  of  course  more  expand- 
ed than  the  air  in  the  opposite  ball,  the  liquid  in  the  tube 
connected  wdth  it  descends,  and  the  extent  of  its  descent 
measured  by  the  scale  attached  gives  the  intensity  of  the 
light.  A glass  case  is  put  over  it  to  exclude  the  effect  of 
any  current  in  the  atmosphere  around.  The  instrument 
is  an  elegant  one,  but  is  deficient,  as  resting  on  a princi- 
ple far  from  being  established,  that  heat  and  light  are  the 
same,  or  even  that  the  intensity  of  light  may  be  judged  of 
by  the  heat  it  produces.  Heat  is  not  the  sole  effect  pro- 
duced by  light ; there  are  others  which  accompany  it,  and 
these  are  not  proportional  to  it.  The  property  of  illumi- 
nation itself,  that  is,  the  power  of  affecting,  with  a certain 
vividness  of  impression,  the  organ  of  vision,  is  not  propor- 
tional to  tlie  heating  power  : for  measuring  both  by  the 
coloured  rays,  the  illuminating  power  is  greatest  in  the 
middle  of  the  spectrum,  while  the  heating  power  increases 
towards  the  red  extreme ; and  a species  of  mingled  light 
may  be  conceived  of  in  which  those  effects  shall  not  be 
proportional.  The  chemical  powers  of  light  too  are  not 
connected  with  the  heating  power,  but  are  even  in  oppo- 
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sition  to  it,  and  a light  in  which  the  violet  ray  predomi- 
nates shall  appear  by  the  photometer  to  be  weak,  while, 
judged  of  by  another  effect,  equally  characteristic  of  light, 
it  shall  appear  strong. 

The  last  part  of  the  history  of  Light  is  that  which  re- 
lates to  what  may  be  more  peculiarly  termed  its  Chemical 
power, — its  agency  in  occasioning  combination  and  de- 
composition. This  is  in  many  cases  strikingly  exempli- 
fied ; and  particularly  so  in  expelling  the  element  oxygen 
from  many  of  the  combinations  in  which  it  exists. 

Where  this  element  is  not  retained  in  combination  by  a 
very  strong  affinity,  light  alone  is  able  to  effect  its  separa- 
tion, partially  or  entirely.  In  nitric  acid,  oxygen  is  in  this 
state,  and  accordingly,  by  exposing  this  acid  to  the  rays  of 
the  sun,  it  acquires  a yellow,  and  at  length  an  orange  hue, 
— a change  owing  to  a partial  separation  of  its  oxygen.  If 
therefore  the  phial  be  filled  with  the  acid,  and  closed  with 
a glass  stopper,  the  change,  as  Mr  Kirwan  has  remarked, 
does  not  happen,  the  separation  of  the  oxygen  gas  being 
prevented  by  this  mechanical  force  ; while,  if  the  phial  be 
only  half  filled,  it  takes  place  on  exposure  to  the  solar  light 
for  a quarter  of  an  hour  * ; and  if  the  phial  containing  the 
acid  have  a bent  tube  connected  wdth  it,  terminating  un- 
der an  inverted  jar,  in  a few  days  a considerable  portion 
of  oxygen  gas  is  collected,  as  Berthollet  ascertained  f. 

Another  acid,  the  oxymuriatic,  suffers  a similar  decom- 
position from  light.  Berthollet  exposed  it  in  a flask,  with 
a bent  tube,  to  the  light  of  the  sun ; in  a very  short  time 
bubbles  of  air  were  disengaged,  which  were  found  to  be 
pure  oxygen  gas.  The  oxymuriatic  acid  became  colour- 
less, and  was  converted  into  muriatic  acid  L 

The  combination  of  metals  with  oxygen  is  often  sul>- 
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verted  by  light.  If  the  compounds  of  gold  and  silver  with 
this  element  be  exposed  to  the  solar  rays,  their  colour  be- 
comes darker,  and  if  their  compounds  with  acids  be  sub- 
mitted to  the  same  exposure,  their  colour  is  even  more 
darkened.  A piece  of  paper  moistened  with  a solution  of 
silver  in  nitric  acid,  is  blackened  in  a few  minutes:  the 
muriate  of  silver,  the  luna  cornea  of  the  older  chemists,  is 
still  more  susceptible  of  this  change,  and  is  hence  the  most 
delicate  test  of  the  chemical  agency  of  light.  It  is  partly 
from  this  action  of  light  that  it  alters  the  shades  of  metal- 
lic paints. 

The  decomposition  of  these  compounds  is  even  some- 
times complete,  and  the  metal  is  obtained  in  its  original 
state.  Scheele  evaporated  a solution  of  gold  to  dryness,  , 
and  dissolved  the  dry  mass  in  distilled  water,  poured  it  in- 
to a crystal  phial  shut  with  a glass- stopper,  and  exposed 
it  to  the  beams  of  the  sun.  A' fortnight  after,  minute 
spangles  of  gold  appeared  in  the  solution,  and  the  surface 
was  covered  with  a fine  pellicle  of  gold  * . Mrs  Fulharnc, 
in  a series  of  experiments  on  metallic  reduction,  establish- 
ed similar  facts.  A piece  of  silk,  dipt  in  a solution  of 
gold,  was  exposed  to  the  sun-beams,  and  kept  moderately 
wet  with  water  during  the  experiment;  from  being  yel- 
low, it  acquired  first  a green,  then  a purple  colour  ; at 
length  particles  of  gold  appeared  on  its  surface,  and,  “ in 
about  an  hour,  the  whole  of  the  silk  was  covered  wdth  a 
superb  coat  of  reduced  gold.”  A piece  of  silk  treated  in 
the  same  w’ay,  but  put  aside  in  a dark  place,  suffered  no 
change  in  three  months,  except  that  its  colour  became 
brown.  A solution  of  silver  was  also  reduced  by  the  ac- 
tion of  light,  while  in  the  dark  it  suffered  no  change  f. 

It  appears,  tliat  in  some  of  these  cases,  the  acid  only  of 
the  compound  is  separated,  which,  however,  equally  proves 


* Essays  on  Air  and  Fire,  p.  83. 
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tlic  cliGmiCiil  Qgciicy  of  liglit.  It  liud  l)GGn  supposed}  tb&t 
the  blackening  of  the  muriate  of  silver  is  owing  to  the  dis- 
engagement of  its  oxygen,  and  the  approach  of  the  silver 
to  the  metallic  state ; but  Berthollet  found  it  to  be  owing 
to  the  separation  of  a portion  of  its  acid,  which,  when  the 
experiment  is  made  under  water,  remains  in  that  fluid 

The  operation  of  bleaching  affords  another  example  of 
the  chemical  changes  which  light  is  capable  of  producing. 
Colour  is  in  this  case  removed,  and  this  depends  equally 
on  the  transfer  of  oxygen,  the  colouring  matter  of  the 
thread  receiving  that  principle  probably  from  the  decom- 
position of  the  water  with  which  the  substance  to  be  bleach- 
ed must  be  supplied.  This  formed  the  old  method  of 
bleaching ; and  the  substitution  of  the  oxymuriatic  acid 
in  the  new  mode,  establishes  this  theoiy  of  the  changes  of 
which  the  operation  consists. 

Even  the  processes  of  animated  nature  are  influenced 
by  the  chemical  agency  of  light.  “ Organization,  sensa- 
tion, spontaneous  motion,  and  all  the  operations  of  life,” 
says  Lavoisier,  “ exist  only  at  the  surface  of  the  earth,  and 
in  places  exposed  to  the  influence  of  light;  and  without  it 
nature  itself  would  be  inanimate.”  Its  operation  in  vege- 
tation is  strikingly  exemplified  in  the  adaptation  of  plants 
to  particular  climates.  Those  which  grow  under  a clear 
sky,  and  an  intense  solar  light,  are  in  general  more  pun- 
gent, odorous,  and  aronisatic,  than  those  which  are  placed 
under  the  opposite  circumstances;  and  plants  which  are 
the  natives  of  a warm  climate  will  not  grow  or  produce 
their  fruit  in  situations  where  they  are  less  exposed  to  its 
<renial  influence.  The  artificial  exclusion  of  light  from  ve- 
o-etables  o-iving  rise  to  the  process  named  Etiolation  or 
Blanching,  affords  another  proof  of  its  action  in  vegeta- 
tion. The  plant  always  extends  its  branches  towards  any 
opening  at  which  light  may  enter;  and  if  this  be  closed, 
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and  another  opened  in  a different  situation,  it  changes  the 
direction  in  which  it  was  shooting,  and  turns  still  towards 
the  light ; and  in  this  way,  as  L’Abbe  Tessier  has  shewn, 
plants  may  be  made  to  grow  in  any  direction.  If  kept  in 
.perfect  darkness,  they  become  feeble,  succulent,  insipid, 
and  of  a white  or  yellowish  colour,  while,  if  transferred  to 
a situation  where  they  enjoy  the  solar  rays,  they  regain 
their  green  colour,  and  become  vigorous.  Xhese  changes 
from  the  exclusion  of  light  appear  to  be  owing  to  the  ac- 
cumulation of  oxygen  in  the  plant,  as  under  its  influence, 
this  principle  is  disengaged  from  their  leaves,  derived  pro- 
bujly  from  the  decomposition  of  water,  and  perhaps  of  o- 
ther  compounds  subservient  to  vegetable  nutrition.  Ac- 
cording to  the  experiments  of  Tessier  and  Decandolle,  the 
light  emitted  by  a lamp  gives  even  a green  colour  to  the 
leaves,  though  less  deep  than  that  from  the  light  of  day. 
The  light  of  the  moon  has  a similar  effect  *. 

Nor  are  animals  exempt  from  the  influence  of  this  im- 
portant agent.  Deprived  of  it  they  suffer  nearly  the  same 
changes  as  vegetables  do,  and  the  darkness  of  their  colour 
is  in  general  greater  according  to  the  intensity  of  the  light 
to  which  they  are  habitually  exposed.  Insects  which  live 
under  ground  are  usually  of  a light  shade  : the  animals  of 
the  arctic  regions  are  almost  all  pale  or  white,  while  those 
belonging  to  the  tropical  countries  are  distinguished  by  the 
variety  and  brilliancy  of  their  hues.  Even  in  man  we  trace 
a gradation  of  colour  proportioned  nearly  to  the  climate 
in  which  he  resides. 

Light,  it  appears  from  some  late  observations,  not  only 
occasions  chemical  decomposition,  <but  in  some  cases  pro- 
motes combination.  Gay-Lussac  and  Thenard  observing 
its  effect  in  decomposing  oxymuriatic  acid,  and  finding 
that  this  acid  is  decomposed  in  a similar  manner  by  an 
elevated  temperature,  drew  the  conclusion  which  had  often 
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been  maintained,  that  light  and  caloric  are  the  same  in 
their  action  on  unorganized  bodies.  Ihe  action  of  light 
however  is  slow,  and  this  suggested  the  idea  that  it  might 
produce  chemical  changes  in  cases  where,  from  this  slow- 
ness, its  influence  had  not  been  observed ; and  in  particu- 
lar they  supposed  this  might  happen  in  the  mutual  action 
of  two  aeriform  bodies  ; for  since  this  action  is  not  exert- 
ed at  once,  it  cannot  arise  entirely  from  their  mutual  affi- 
nity, but  must  in  part  be  owing  to  the  action  of  some  ex- 
ternal cause,  which  favours  the  exertion  of  that  affinity, 
such  as  the  influence  of  heat  or  light.  They  prepared  ac- 
cordingly some  mixtures  of  this  kind,  paiticulaily  that  of 
oxy muriatic  gas  and  hydrogen  gas,  two  gases  which  are 
known  to  act  slowly  on  each  other.  When  the  mixture 
was  placed  in  darkness,  no  action  appeared  to  be  exerted 
betw^een  them  after  several  days  ; but  when  it  was  exposed 
to  weak  solar  light,  the  mutual  action  was  nearly  complete 
in  a quarter  of  an  hour.  And  when  the  mixture  was  ex- 
posed to  the  direct  solar  rays,  immediate  inflammation, 
with  detonation,  was  produced.  Similar  results  were  ob- 
tained with  mixtures  of  oxymuriatic  gas,  and  the  different 
compound  hydrogen  gases  *. 

The  same  fact  had  been  discovered  by  Mr  Dalton.  He 
observed  a great  variation  in  the  rapidity  of  action  between 
oxymuriatic  acid  and  hydrogen  gases,  and  he  found  this 
to  be  owing  to  the  action  ol  light,  the  action  being  slow 
when  the  light  was  imperfect,  more  rapid  when  the  light 
is  freely  applied,  and,  under  actual  exposure  to  the  solar 
rays,  so  rapid  as  to  be  attended  with  explosion  f. 

l''rom  the  experiments  of  diaptal,  it  appeals,  that  the 
process  of  crystallization,  especially  that  form  of  it  in  which 
capillary  crystals  shoot  up  the  sides  of  a vessel  containing 
a saline  solution,  is  influenced  by  light.  He  found  this  to 
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take  place  only  on  the  side  of  the  vessel  which  was  illu- 
minated ; he  could  thus  cause  it  to  rise  at  any  side,  and 
when  the  vessel  was  shaded,  the  line  of  separation  was  dis- 
tinctly marked  by  the  limit  of  the  crystallization.  Metal- 
lic salts  shewed  this  phenomenon  best  *. 

Scheele  proved,  that  the  decompositions  produced  by 
light  arise  from  its  chemical  agencv,  not  from  its  heating 
power.  He  exposed  the  substances  which  suffer  changes 
from  light,  to  the  rays  of  the  sun,  in  a phial  covered  with 
a thick  coating  of  black  paint ; and  though  the  phial  be- 
came very  hot,  the  substances  contained  in  it  did  not  un- 
dergo the  least  change,  even  after  an  exposure  for  several 
days  to  the  operation  of  the  sun-beams  f.  Berthollet  made 
a similar  experiment ; that  of  exposing  oxymuriatic  acid 
to  the  rays  of  the  sun,  in  a phial  covered  with  black  pa- 
per, when  it  suffered  no  alteration,  nor  gave  out  any  air, 
as  it  does  from  the  direct  exposure  to  light.  Did  the  light 
operate  by  the  heat  it  excites,  its  effects  under  such  cir- 
cumstances ought  to  be  the  same,  or  greater,  as  even  more 
heat  was  communicated. 

Rumford,  on  the  other  hand,  stated  some  experiments :{; 
to  prove,  that  light  has  no  peculiar  chemical  powers,  fur- 
ther than  what  depend  on  the  heat  it  excites.  He  shew- 
ed that  a piece  of  silk  wetted  with  metallic  solutions,  such 
as  a solution  of  silver  or  gold,  when  exposed  to  the  heat 
of  a wax  taper,  suffered  a partial  reduction  to  the  metallic 
state,  similar  to  that  which  they  suffer  from  light, — a proof, 
as  he  supposed,  that  the  effect  from  light  depends  on  the 
heat  it  excites.  He  farther  found,  that  when  a solution 
of  gold  or  of  silver  was  put  with  small  pieces  of  charcoal 
into  a tube,  and  exposed  to  a heat  of  212°,  the  gold  or  sil- 
ver was  reduced  on  the  surface  of  the  charcoal  to  the  me- 
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tallic  form.  But  it  is  probable,  that  in  both  experiments 
the  effect  arose  from  the  agency  of  cliarcoal  present  in 
the  first  case  in  the  smoke  of  the  flame,  and  in  the  second 
directly  ap|  lied  ; and,  accordingly,  Berthollet,  in  repeating 
the  latter  experiments,  found  that  the  aerial  products  dis- 
engaged  shewed  that  it  was  the  charcoal  w'hich  had  o- 
perated  *.  The  question  is,  Can  heat  alone,  to  the  ex- 
tent in  which  it  is  produced  by  the  solar  rays,  produce  the 
chemical  effects  which  these  rays  occasion  ? There  is  no 
iinecjuivocal  experiment  by  which  this  is  established. 

What  is  the  power  of  the  different  prismatic  rays  in  pro- 
ducing these  chemical  effects  ? We  are  indebted  to  Scheele 
for  the  first  observation  on  this  interesting  question.  Ha- 
ving refracted  the  sun-beam  by  a prism,  he  put  a piece  of 
paper  impregnated  with  muriate  of  silver  in  the  coloured 
liffht,  and  it  became  sooner  black  in  the  violet  than  in  any 
of  the  other  rays  f . This  experiment  was  repeated  by  Sen- 
nebier,  who  ascertained  the  comparative  powers  of  the  dif- 
ferent rays  The  shade  produced  in  the  muriate  of  silver, 
by  exposure  to  the  violet  ray  for  15  seconds,  required  for 
its  production  the  action  of  the  purple  ray  to  be  continued 
23  seconds,  of  the  blue  29,  of  the  green  37,  of  the  yellow 
5\  minutes,  of  the  orange  12  minutes,  and  of  the  red  not 
less  than  20  minutes  Phosphorescence  too  appeared  in 
some  experiments  by  Englefield  to  be  unequally  excited 
by  these  rays,  the  blue  ray  having  a greater  power  in  ren- 
dering Canton’s  phosphorus  luminous  than  the  others. 

These  results  have  been  more  lately  established  by  See- 
beck  ||.  When  a mixture  of  oxymuriatic  gas  and  hydrogen 
gas  was  exposed  to  the  solar  light  under  a glass  of  a red  co- 
lour, it  suffered  any  change  very  slowly,  while  under  a blue 
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glass  decomposition  immediately  occurred.  Solar  phos- 
phor! exposed  under  the  different  prismatic  rays  were  very 
differently  affected.  From  the  violet  ray  they  exhibited  the 
greatest  illumination,  rather  less  from  the  blue,  much  less 
from  the  green,  still  less  from  the  yellow,  and  from  the  red 
the  luminous  appearance  was  lost.  When  exposed  be- 
yond the  violet  ray,  where  scarcely  any  light  was  visible, 
the  luminous  effect  was  as  great  as  in  the  violet  ray  itself. 
Beyond  the  red  ray  it  was  in  some  cases  excited,  but  feebly. 
When  the  phosphorescent  body  was  exposed  to  light  trans- 
mitted through  thick  blue  glass,  it  shone;  but  under  orange 
coloured  glass  it  exhibited  no  luminous  appearance,  and 
was  even  extinguished  when  previously  luminous  from  ex- 
posure to  white  light  *. 

The  analogy,  that  as  there  is  thus  a decrease  in  the  che- 
mical power  from  the  violet  ray,  on  one  side  of  the  spec- 
trum through  the  others,  so  there  is  a decrease  in  the  heat- 
ing power,  in  the  contrary  direction,  from  the  violet  to- 
wards the  red;  and  the  still  more  direct  analogy  of  the  ex- 

. I — — \ 

• A singular  property  exerted  by  the  violet  ray  of  light  is 
that  of  exciting  magnetism.  The  fact  seems  to  have  been  dis- 
covered bv  Morichini,  an  Italian  philosopher  ; it  was  for  some 
time  denied,  but  it  appears  to  be  established.  The  solar  ray 
being  decomposed  by  a prism,  and  the  other  rays  being  inter- 
cepted on  a skreen  from  the  violet,  a needle,  or  thin  plate  of 
steel,  in  which  no  magnetic  polarity  can  be  discovered,  is  pla- 
ced horizontally ; the  violet  ray  being  collected  into  a focus  is 
carried  along  the  needle  proceeding  from  the  centre  towards 
one  of  the  extremities,  taking  ahvays  the  same  extremity,  and 
taking  care,  as  in  the  common  operation  of  exciting  magne- 
tism, not  to  go  back  in  the  opposite  direction.  In  about  an 
hour  the  needle  becomes  strongly  magnetic.  According  to 
Morichini,  and  to  another  experimenter,  Ridolfi,  who  has  con- 
tinued the  investigation,  the  experiment  succeeds  only  under 
a clear  and  bright  atmosphere ; and  the  presence  of  clouds,  or 
of  humidity  in  the  air,  prevents  it.  Annals  of  Philosophy,  vol.  ii, 
p.  390.  Annales  de  Chimie  et  Physique,  t.  iii,  p.  323. 
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istencc  of  invisible  calorific  rays  in  the  solar  beam,  natu- 
rally suggested  the  inquiry,  whether  invisible  chemical  rays 
might  not  exist  beyond  the  violet  ray. 

Ritter  appears  to  have  made  the  first  experiments  on 
this  subject.  He  placed  muriate  of  silver  without  the  so- 
lar spectrum,  next  to  the  violet  ray,  and  found  it  to  be 
blackened.  On  placing  it  beyond  the  red  ray,  it  not  only 
did  not  suffer  this  change,  but  if  previously  a little  blacken- 
ed, became  white ; phosphorus  w'as  kindled  in  the  one 
space,  that  beyond  the  red  ray,  and  extinguished  in  the 
other.  The  muriate  of  silver  under  the  action  of  the  vio- 
let ray  was  rather  less  blackened  than  in  the  space  beyond 
it,  where  the  invisible  chemical  rays  existed,  and  still  less 
in  the  other  visible  rays.  He  concluded,  therefore,  that 
there  are  two  species  of  invisible  rays,  besides  the  visible 
rays  in  the  solar  beam,  one  species  calorific,  and  w'hich 
promote  oxidation,  the  other  capable  of  separating  oxy- 
gen when  it  is  combined,  and  of  counteracting  its  combi- 
nation *.  Dr  Wollaston  had  about  the  same  time  made 
similar  experiments,  and,  by  the  blackening  of  muriate  of 
silver,  had  discovered  the  existence  of  invisible  rays  beyond 
the  violet  ray,  capable  of  producing  this  chemical  effect. 
He  did  not  succeed  in  restoring  the  white  colour  to  mu- 
riate of  silver,  after  it  had  been  once  tinged,  however 
slightly,  by  exposure  to  the  more  refrangible  rays.  What 
is  singular,  guiacum,  which  is  rendered  green  by  exposure 
to  light,  apparently  from  the  absorption  of  oxygen,  suffers, 
according  to  Dr  Wollaston,  this  change  in  the  violet  rays 
of  the  spectrum,  and  at  the  other  extremity,  instead  of  suf- 
fering it,  has  its  yellow  colour  restored  f.  Berard  con- 
firmed the  results  of  Ritter  and  Wollaston  with  regard  to 
the  greater  degree  of  chemical  energy  towards  the  violet 
side  of  the  spectrum,  and  its  existence  even  to  a small  dis- 
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tance  beyond  that  extremity  : it  decreased  rapidly  in  the 
blue  and  indigo  rays,  and  when  that  portion  ot  the  colour- 
ed rays  which  extends  in  the  spectrum  from  the  green  to 
the  red  was  concentrated  by  a lens,  although  the  illumi- 
nation was  extremely  brilliant,  the  muriate  ol  silver  re- 
mained exposed  to  it  for  more  than  two  hours,  without  any 
alteration,  while,  when  exposed  to  that  portion  extending 
from  the  ‘yreen  to  the  violet  concentrated  in  a similar  man- 
ner,  although  the  light  was  much  less  vivid,  and  the  heat 
less  strong,  it  became  blackened  in  less  than  ten  minutes  . 

If  we  might  reason  by  analogy,  from  the  law  proved  by 
Herschel  to  be  observed  in  the  refrangibility  ot  the  invi- 
sible calorific  rays,  we  should  conclude  that  the  invisible 
chemical  rays  may  also  be  of  unequal  refrangibilities  ; that 
therefore  they  may  not  only  exist  in  the  space  beyond  the 
violet  ray,  but  be  spread  over  the  prismatic  spectrum,  and 
that  the  visible  rays  may  ow'e  to  them  their  chemical 
powers.  We  shall  thus  have  three  species  of  radiant  mat- 
ter in  the  solar  beam,  each  distinguished  by  a single  pro- 
perty not  possessed  by  either  of  the  others ; the  rays  of 
light  possessing  the  power  of  exciting  illumination  *,  the 
rays  of  caloric  producing  heat ; and  the  invisible  rays  dis- 
tinguished by  their  power  of  occasioning  chemical  chan- 
ges. It  has  been  affirmed,  that  Ritter,  by  transmitting 
the  coloured  rays  through  different  prisms,  has  separated 
them  from  the  chemical  rays,  and  produced  a coloured 
spectrum  devoid  of  chemical  action  f.  He  is  also  said  to 
have  made  the  experiment  of  uniting  the  two  species  of 
invisible  rays,  by  transmitting  by  tw^o  lenses  each  species 
of  invisible  ray,  so  as  to  bring  the  space  beyond  the  violet 
ray  and  that  beyond  the  red  ray  to  correspond  •,  but  from 
this  intermixture,  no  illumination  was  obtained  ; the  power 
of  the  chemical  rays  appeared  to  predominate. 


* Nicholson’s  Journal,  vol.  xxxv,  p.  256. 
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Instead  of  supposing,  according  to  the  preceding  view, 
three  species  of  rays  in  the  solar  beam  essentially  different 
from  each  other,  distinguished  by  the  respective  characters 
of  exciting  heal,  producing  illumination,  and  causing  che- 
mical decomposition,  it  is  no  doubt  possible  to  represent 
the  subject  under  a different  point  of  view.  Light,  it  is 
remarked  in  a report  by  Berthollet  and  Biol  on  the  expe- 
riments of  Berard,  may  be  composed  of  rays  unequally  re- 
frangible, and  consequenily  unequally  attracted  by  bodies, 
- which  supposes  original  differences  in  their  masses,  their 
velocities,  or  their  alfinitics.  These  rays  may  also  differ 
in  their  power  of  exciting  heat,  of  affecting  the  organ  of 
vision,  and  of  causing  combination  or  decomposition.  It 
is  more  probable  to  suppose  that  vision  should  not  be  af- 
fected except  under  certain  limits  of  refrangibility,  and  that 
an  extreme  of  this  quality,  either  too  much  or  too  little  of 
it,  should  render  the  rays  incapable  of  producing  the  ef- 
fect. In  like  manner,  the  calorific  quality,  and  that  of 
chemical  power,  may  vary  through  the  whole  extent  of  the 
spectrum  at  the  same  time  as  the  refrangibility,  but  accord- 
ing to  different  functions,  so  that  the  calorific  quality  ex- 
pressed by  one  shall  be  at  its  minimum  at  the  violet  ex- 
tremity, and  at  its  maximum  at  the  red,  while  the  chemi- 
cal power  being  expressed  by  another  shall  be  at  its  mini- 
mum at  the  red,  and  acquire  its  maximum  at  the  violet,  or 
a little  beyond  it  *, 

Udiis  is  a mode  of  expressing  the  facts  in  a form  some- 
what more  obscure  than  the  simple  statement  of  them,  ra- 
ther than  the  expression  of  any  theory  or  induction  with 
regard  to  them,  llerschel  hail  suggested  a similar  view, 
in  so  far  as  regards  the  distinction  of  the  visible  and  invi- 
silile  rays,  but  with  more  precision.  The  invisible  rays 
may  consist,  he  remarked,  of  “ rays  of  light  that  have  such 
a momentum  as  to  be  unlit  for  vision.  Admitting  as  high- 
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ly  probable  that  the  organs  of  sight  are  only  adapted  to  re- 
ceive impressions  from  particles  of  a certain  momentum, 
it  explains  why  the  maximum  of  illumination  should  be  in 
the  middle  of  the  refrangible  rays,  as  those  which  have 
greater  or  less  momentum  are  likely  to  become  equally  un- 
fit for  impressions  of  sight.” 

Any  explanation  of  this  kind,  however,  is  liable  to  very 
obvious  objections.  We  do  not  find  that  either  species  of 
invisible  ray,  that  beyond  the  red,  or  beyond  the  violet,  is 
capable,  by  condensation,  of  exciting  illumination.  Nei- 
ther by  combining  these  two  species  of  invisible  rays  is 
any  species  of  coloured  light  produced,  which  ought  to  be 
the  result  did  the  visible  rays  differ  from  the  two  kinds  of 
invisible  rays,  by  having  merely  an  intermediate  degree  of 
momentum,  or  an  intermediate  degree  of  any  particular 
power  or  function  whatever.  And,  lastly,  how  are  the 
decrease,  on  the  one  side,  of  the  chemical  power  of  light 
while  its  heating  power  increases,  and,  on  the  other  side, 
the  increase  of  the  chemical  with  the  decrease  of  the  heat- 
ing power,  to  be  explained  ? An  increase  of  momentum,  of 
attraction,  or  of  any  other  quality,  might  increase  both,  or 
a diminution  of  it  diminish  both  ; but  on  no  hypothesis 
that  these  rays  are  gradations  of  the  same  matter,  pos- 
sessed of  heating  and  of  chemical  power,  can  it  be  explain- 
ed how  the  one  should  be  diminished  as  the  other  is  aug- 
mented. 

The  opinion  has  often  been  maintained,  that  light  and 
caloric  are  the  same,  an  opinion  founded  on  the  inti- 
mate connection  subsisting  between  them.  Light  is  a 
common  source  of  heat : it  produces  it  when  in  a state  of 
intensity : they  are  frequently  disengaged  together,  and, 
when  bodies  are  highly  heated,  they  always  become  lumi- 
nous, Light,  therefore,  has  been  supposed  to  be  conver- 
tible into  heat ; and  vice  versa  caloric  has  been  supposed 
capable  of  passing  into  rapid  projectile  motion,  and  in  this 
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State  to  constitute  light.  This  theory  has  been  long  and 
generally  maintained.  The  opposite  opinion,  that  light 
and  caloric  are  different,  has  likewise  been  supported  on 
the  principle,  that  their  properties  are  essentially  different. 
Caloric  is  diffused  over  matter  slowly  and  equally,  and  pe- 
netrates every  body,  producing  expansion,  fluidity,  and 
vaporisation,  and  giving  rise  to  the  sensation  of  heat,  but 
incapable  of  exciting  illumination.  Light,  instead  of  mere- 
ly raising  the  temperature  of  bodies,  produces  chemical 
changes,  which  are  not  produced  by  the  degree  of  heat  it 
excites,  and  which  do  not  arise  even  from  the  operation  of 
caloric.  Nitrous  is  converted  into  nitric  acid  by  heat,  but 
nitric  acid  exposed  to  light  is  converted  into  nitrous- 
Such  differences  in  properties,  and  in  chemical  powers, 
have  been  supposed  sufficient  to  authorise  the  conclusion, 
that  they  are  different  kinds  of  matter.  On  these  two  hypo- 
theses, scarcely  capable  of  precise  determination,  it  will  be 
sufficient  to  offer  a few  observations. 

If  the  hypothesis,  that  light  and  caloric  differ  only  in 
their  state  with  regard  to  motion,  were  true,  it  follows, 
that  in  every  thing  except  what  relates  to  this  they  should 
be  identical ; that  therefore  caloric  must  be  capable  of  pro- 
ducing the  same  chemical  changes  as  light;  and  that  light 
must,  when  absorbed  by  bodies,  produce  heat. 

The  first  of  these  propositions  is  sufficiently  evident. 
The  chemical  agency  of  light  cannot  be  supposed  to  de- 
pend on  its  mechanical  motion,  but  on  the  affinities  it  ex- 
erts. In  producing  the  phenomena  which  arise  from  these, 
it  enters  into  combination,  loses  its  projectile  motion,  and 
becomes  quiescent.  Quiescent  light  is  supposed  to  be  no- 
thing but  caloric;  hence  the  introduction  of  caloric  into  a 
body  shoukl  produce  the  same  chemical  changes  as  light, 
which,  as  has  already  been  shewn,  is  not  the  case. 

llumford  endeavoured  to  explain  this,  by  observing  that 
many  of  the  changes  which  light  produces  are  produced  by 
heat  when  the  temperature  is  raised  ; and  the  same  argu- 


, or  light- 


571 


merit  has  been  stated  by  Gay-Lussac.  Rumford  also  obser- 
ved, that  when  rays  of  light  strike  on  a solid  body,  or  on  a 
quantity  of  fluid,  the  thermometer  affords  no  information 
as  to  the  heat  which  is  exerted  at  the  points  on  which  the 
rays  impinge  : it  gives  merely  the  temperature  of  the  mass, 
while  the  points  on  which  they  strike  may  be  momentarily 
heated  to  an  intense  degree  ; hence  light  may  actually 
operate  chemically  by  the  high  degree  of  heat  it  excites. 

This  appears  at  first  view  not  improbable.  But,  in  the 
first  place,  there  is  no  proof  that  these  decompositions  can 
in  any  case  be  effected  without  the  agency  of  light ; for 
where  they  are  occasioned  by  heat,  this  must  always  be 
raised  to  i<;nition,  when  of  course  lijjht  is  introduced.  And 
it  farther  appears  to  be  refuted  by  the  decisive  fact,  that 
the  rays  of  light,  which  are  most  powerful  in  producing 
heat,  such  as  the  red,  are  the  least  powerful  in  occasioning 
these  chemical  changes  ; while  the  rays  which  produce 
them  w’ith  most  rapidity,  as  the  blue  and  violet,  are  those 
which  have  least  heating  pow’er.  It  is  obvious,  that  this 
is  incompatible  with  the  supposition,  that  the  chemical 
changes  w’hich  light  produces  are  owing,  not  to  the  affini- 
ties it  exerts,  but  the  heat  it  excites,  and  that  on  the  lat- 
ter hypothesis  the  results  ought  to  be  precisely  the  reverse. 
The  chemical  changes  produced  by  light  cannot  therefore 
be  owing  to  the  heat  it  excites,  but  must  be  ascribed  to 
some  other  agency  in  modifying  chemical  attraction,  and 
so  far  light  is  different  from  caloric. 

If  light  and  caloric  were  the  same,  differing  only  in  their 
state  with  regard  to  motion,  light  must,  when  absorbed  by 
bodies,  produce  heat.  Here  the  fact  appears  at  first  view 
to  be  consistent  with  the  theory,  nothing  being  more  fami- 
liar than  the  heating  of  bodies  by  the  solar  rays  ; and  it  is 
this  coincidence  which  has  given  the  strongest  support  to 
the  opinion  ; but  Herschel’s  discoveries  have  rendered  this 
doubtful,  since  they  have  shewn,  that  the  heating  power 
of  the  solar  rays  is  owing  to  the  presence  of  rays  not  ha- 
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ving  the  properties  of  light ; and  that  apart  from  these, 
the  visible  rays  have  no  such  power.  We  have,  strictly 
speaking,  therefore,  no  reason  to  infer,  that  light  excites 
heat ; and  the  inadequacy  of  any  hypothesis  to  establish 
this  connection  between  them  has  been  illustrated. 

The  phenomena  of  phosphorescence  are  unfavourable  to 
the  hypothesis  of  the  identity  of  light  and  caloric.  By  ex- 
posing a phosphorescent  body  to  light,  a portion  appears 
to  be  absorbed,  and  becomes  quiescent ; it  is  not,  however, 
converted  into  caloric,  but  remains  in  the  body  as  light, 
and  is  gradually  emitted  as  such.  Were  light,  caloric  in 
projectile  motion,  the  light  must  have  been  converted  into 
heat,  and  could  not  be  emanated  in  this  form. 

With  regard  to  the  difficulties  supposed  to  be  attached 
to  the  opinion  that  Heat  and  Light  are  essentially  dis- 
tinct, the  principal  is  that  of  accounting  for  the  produc- 
tion of  heat  by  the  solar  rays.  This,  however,  it  is  ob- 
vious, is  now  to  be  referred  to  the  action  of  the  calorific 
rays  in  the  solar  beam,  and  that  before  any  argument  can 
be  drawn  from  this,  these  must  be  proved  to  be  of  the  na- 
ture of  visible  light. 

The  phenomena  of  ignition  have  been  supposed  favour- 
able to  the  opinion  of  the  identity  of  light  and  caloric, 
light  being  expelled  merely  by  the  temperature  being  rai- 
sed, and  this  lor  an  indefinite  time  if  the  temperature  is 
kept  up.  The  caloric,  therefore,  is  supposed  to  assume 
the  form  of  light.  The  light  emitted,  however,  may  be 
merely  that  contained  in  the  body,  expelled  by  the  repul- 
sive agency  of  caloric  ; and  the  continuance  of  its  emis- 
sion afibrds  no  argument  against  this,  when  we  consider 
the  extreme  subtilty  of  light.  The  quantity  of  light  which 
can  be  absorbed  by  a phosphorescent  body,  in  exposure 
for  a minute  to  the  solar  rays,  is  sufficient  to  render  it  lu- 
minous for  many  days.  If,  therefore,  the  high  tempera- 
ture weaken  the  affinity  of  light  to  bodies,  it  is  not  diffi- 
cult to  conceive  that  from  this  subtilty  of  light,  they  may 
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continue  luminous  while  that  temperature  is  kept  up.  The 
light  in  ignition  may  also  be  derived  from  the 'Same  source 
as  the  caloric  is  supplied  from ; for  when  ignition  is  exci- 
ted by  the  communication  of  heat,  light  is  always  commu- 
nicated along  with  it.  There  is  only  one  case  at  least  in 
which  this  does  not  appear  to  be  the  case, — it  is  that  of  the 
experiment  by  Mr  Wedgwood  already  described,  (p.  303.), 
in  which  ignition  was  excited  by  the  communication  of  air 
heated  but  not  luminous.  This  seems  to  prove  that  heat 
is  convertible  into  light : Caloric  alone  appears  to  be  sup- 
plied by  the  air ; yet  light  is  given  out  by  the  body  sus- 
pended in  it.  It  is  accordingly  stated  by  Berthollet  as 
proving  the  identity  of  light  and  caloric  *. 

This  experiment  may  be  easily  explained.  Illumination 
is  excited  only  when  a certain  number  of  rays  come  from  ' 
a body  to  the  eye;  and  if  the  number  be  diminished, 
though  many  rays  may  still  be  emitted,  the  illumination  is 
not  perceived.  We  have  sufficient  proof  of  this  in  phos- 
phorescent bodies,  which,  when  in  a weak  state  of  phos- 
phorescence, require  the  sensibility  of  the  eye  to  be  increa- 
sed by  remaining  in  the  dark  for  some  time,  to  admit  of 
their  illumination  being  perceived,  as  Beccaria  and  Wilson 
have  amply  shewn.  The  same  is  true  with  regard  to  ig- 
nition itself : an  ignited  body  being  visible  in  the  dark, 
while  in  day-light  it  is  obscure,  owing  evidently  to  the  rays 
it  emits  being  too  few  to  excite  the  sensation  of  vision, 
when  the  eye  is  stimulated  by  rays  of  light  from  every  ob- 
ject around  it.  It  is  therefore  easy  to  conceive,  that  every 
particle  of  an  alu-iform  fluid  may  be  in  a state  of  ignition  ; 
yet  it  shall  not,  from  its  minuteness,  be  visible  ; and  the 
mass  shall  not  appear  luminous,  merely  from  its  tenuity. 
But  if  a current  of  air  in  this  state  be  directed  on  a solid 
body,  the  common  law  of  ignition  will  be  observed ; the 
ignited  particles  applied  to  the  solid  will  render  it  incan- 


* Chemical  Statics,  vol.  i,  p.  421. 
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descent,  and  preserve  it  so,  and  that  solid,  from  its  densi- 
ty, will  appear  luminous. 

The  production  of  ignition  by  friction  or  percussion  is 
an  example  in  which  there  is  not  the  supply  of  light  from 
an  external  source  ; but  the  difficulty  as  it  relates  to  this 
is  the  same  with  regard  to  caloric  as  to  light : we  can  no 
more  conceive  the  unlimited  emission  of  the  one  than  of 
the  other,  and  the  light  evolved  is  probably  that  separated 
by  the  high  temperature  which  the  percussion  excites. 

The  fact  of  light  and  heat  being  often  evolved  together^ 
has  been  supposed  to  prove  an  intimate  connection  between 
them  ; caloric,  when  evolved  rapidly,  partly  assuming  the 
form  of  light,  while  when  evolved  more  slowly  it  appears 
as  heat ; the  degree  of  light,  it  is  said,  being  “ cceteris pa- 
ribus proportionate  to  the  velocity  with  which  the  caloric 
is  emitted,”  and  there  being  no  illumination  “ from  bodies 
which,  during  their  combination,  emit  the  caloric  either 
slowly,  or  in  circumstances  in  which  manifest  impediments 
prevent  the  projection  of  it  with  the  velocity  necessary  to 
the  constitution  of  light.”  Where  light  and  caloric  are 
evolved  from  a combination,  the  more  rapidly  it  takes 
place,  the  quantities  will  appear  greater,  because  more  are 
extricated  in  a given  time  ; but  that  the  rapidity  of  com- 
bination does  not  determine  the  evolution  of  light,  or  cause 
caloric  to  appear  under  that  form,  is  obvious  in  many  cases 
of  chemical  action:  in  the  combination,  for  example,  of 
nitrous  gas  and  oxygen  gas,  or  muriatic  acid  gas  and  am- 
monia, in  which  no  light  is  evolved,  though  there  is  no  ob- 
stacle from  the  density  of  the  product,  or  any  other  cause, 
to  prevent  the  caloric  from  assuming,  if  it  were  capable  of 
it,  the  projectile  state,  which  is  supposed  to  constitute 
light.  No  regular  law,  in  fact,  is  observed  w ith  regard  to 
this  : there  are  examples  of  heat  being  evolved  without 
light,  heat  with  small  quantities  of  light,  and  light  with 
inconsiderable  evolutions  of  caloric,  and  those  in  all  varie- 
ties of  rapidity  of  combination  and  condensation,  and  if, 
when  the  heat  is  considerable,  there  is  generally  an  ex- 
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trication  of  light,  this  is  probably  owing  to  a high  tem- 
perature weakening  the  affinities  of  bodies  to  light. 

The  consideration  which  is  most  in  favour  of  the  opi- 
nion that  Heat  and  Light  are  the  same,  is  the  gradual  and 
progressive  modifications  assumed  by  caloric  in  its  differ- 
ent forms  of  radiation.  The  rays  discharged  from  a heat- 
ed body  are  evidently  of  the  nature  of  caloric,  since  their 
abstraction  causes  reduction  of  temperature ; when  they 
are  projected  at  a temperature  not  very  greatly  elevated, 
they  have  apparently  a weak  projectile  force,  since  they  are 
scarcely  capable  of  penetrating  transparent  media  ; when 
they  are  discharged  at  a higher  heat,  they  acquire  this  to 
a greater  extent ; there  is  thus  a gradation  to  the  calorific 
rays  in  the  solar  beam ; and  between  both,  there  is  a 
close  analogy  in  the  laws  of  refraction,  reflection,  and  po- 
larization. From  these,  again,  there  is  a transition  to 
the  rays  of  light,  and  ultimately  to  the  invisible  chemical 
rays.  And  the  consideration,  that  all  of  these  are  asso- 
ciated, and  that  when  separated  by  the  prism,  they  still 
conform  to  similar  laws,  is  favourable  to  the  supposition 
that  they  depend  ultimately  on  the  same  power.  The  dif- 
ferences, however,  which  exist  between  them,  it  has  al- 
ready been  remarked,  cannot  be  satisfactorily  accounted 
for  from  any  known,  or  even  any  probable  cause : And 
the  analogies  connecting  them,  though  so  far  apparent,  are 
not  altogether  strict.  In  the  progression  from  the  solar 
calorific  rays  to  the  luminous  rays  the  transition  is  abrupt, 
and  this  is  still  greater  in  the  circumstance  of  the  calorific 
rays  not  having  the  chemical  powers  connected  with  light. 
The  whole  subject  must  be  considered  as  involved  in  so 
much  difficulty  and  uncertainty  that  no  very  certain  con- 
clusion can  be  drawn  with  regard  to  it,  though  the  impor- 
tant differences  between  caloric,  considered  as  the  cause  of 
temperature,  and  light  in  its  usual  forms,  suggest  as  the 
more  probable  opinion  that  they  are  essentially  distinct,  or 
that  some  principle  or  force  exists  in  light  different  from 
heat. 
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CHAP.  III. 


OF  ELECTRICITY  AND  GALVANISM. 


From  the  phenomena  denominated  Electrical,  the  exis- 
tence of  a certain  agent  or  subtle  principle  has  been  infer- 
red. This  principle,  Electricity,  besides  the  specific  phe- 
nomena arising  from  its  action,  is  productive  of  chemical 
effects,  and  is  so  far  therefore  an  object  of  chemical  science. 
Galvanism,  there  is  reason  to  believe,  is  ultimately  the  same 
principle  with  that  on  which  electrical  phenomena  depend; 
but  as  the  modes  of  exciting  them,  and  the  effects  they 
produce,  are  different,  I have  placed  their  history  under 
different  sections.  The  operation  of  this  principle,  whe- 
ther under  the  form  of  electricity  or  galvanism,  cannot  be 
ascribed  to  affinities  which  it  exerts  as  a material  sub- 
stance, if  even  its  materiality  be  admitted,  but  must  be  re- 
ferred to  its  action  as  a general  force  communicating  re- 
pulsion, or  modifying  attraction.  It  is  therefore  properly 
classed  with  Light  and  Caloric,  and  with  these  it  has  be- 
sides very  intimate  relations,  being  capable,  under  peculiar 
arrangements,  of  producing  the  .utmost  intensity  both  of 
heat  and  illumination. 


OF  ELECTRICITY. 


gmtrnttr 

a i i 


Sect.  I. — Of  Electricity. 

It  a glass  rod  be  rubbed  with  a piece  of  dry  silk,  in  a 
short  time  light  will  dart  from  its  surface;  and  on  present- 
ing to  it  small  pieces  of  straw,  or  other  bodies  easil}^  mo- 
ved, they  will  first  be  attracted,  and  then  repelled.  The 
phenomena  thus  produced  are  those  classed  as  Electrical, 
and  the  glass  rod  is  said  to  be  electrically  excited.  All 
bodies,  however,  are  not  susceptible  of  being  brought  into 
this  state.  If  the  experiment  be  repeated  with  a metallic 
rod,  no  sensible  effect  is  produced.  Ilcnce  the  distinction 
of  bodies  in  their  relation  to  electricity  into  two  classes; 
Electrics,  or  those  which  afford  it,  from  friction,  and  Non- 
electrics,  or  those  which  are  incapable  of  being  excited,  or 
of  presenting,  from  that  cause,  electrical  phenomena. 

If,  when  an  electric  is  under  excitation,  a non-electric 
be  brought  near  to  it,  the  electricity  excited  in  the  former 
is  carried  off  by  the  latter.  But  if  an  electric  be  applied 
in  the  same  manner  to  the  one  which  has  been  excited,  it 
will  not  carry  off  the  excited  power.  Hence  another  dis- 
tinction is  established,  of  Conductors  and  Non-conduc- 
tors ; the  latter  being  the  same  as  electrics,  or  those  in 
which  electricity  is  excited  by  friction,  the  former  the  same 
as  non-electrics,  which  are  incapable  of  this  excitation. 
Glass,  resinous  substances,  sulphur,  oils,  and  aeriform 
fluids,  are  the  principal  electrics  or  non-conductors;  the 
principal  conductors  or  non-electrics  are  metals,  saline  and 
earthy  substances,  and  water.  But,  by  certain  arrange- 
ments, some  belonging  to  the  one  class  may  be  made  to 
receive  the  property  which  is  chai'acteristic  of  the  other. 

If  an  electric,  when  subjected  to  friction,  be  insulated, 
that  is,  supported  on  a non-conductor,  the  quantity  of  c- 
voL.  r.  2 o 
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lectricitv  evolved  is  inconsiderable,  and  is  soon  limited. 
But,  if  a communication  of  it  with  the  earth  be  established 
by  a c onductor,  it  will  afford  electricity  as  long  as  the  fric- 
tion is  kept  up ; and  a conductor  insulated,  if  placed  be- 
fore it,  will  receive  the  electrical  power,  and  retain  it  un- 
til another  conductor  is  applied  to  it.  On  this  being  ap- 
plied, the  accumulated  electricity  is  instantly  carried  off, 
and  in  this  way  a stream  of  electricity  can  be  obtained. 
It  may  also  be  procured  in  a more  concentrated  state,  by 
abstracting  it  less  rapidly.  On  these  principles,  the  com- 
mon electrical  machine  is  constructed.  It  consists  of  a 
Mass  plate  or  cylinder,  which  is  made  to  revolve  against  a 
cushion,  supported  on  a glass  pillar,  but  connected  with 
the  earth  by  a metallic  chain  : a large  metallic  tube,  named 
the  prime  conductor,  is  placed  before  the  plate  or  cylinder, 
and  insulated  by  being  supported  on  a pillar  of  glass : the 
^ electricity  excited  by  the  friction  of  the  plate  or  cylinder 

ao-ainst  the  cushion  is  collected  by  the  prime  conductor, 
and  on  the  approach  of  any  conducting  substance  passes 
off  under  the  form  of  a stream  or  spark.  i 


Electricity,  then,  is  excited  by  the  frictioirof  an  electric  ; 
but  electric  excitation  is  presented  under  two  different 
modifications,  which  constitute  a distinction  of  great  im- 
portance, that  of  Vitreous  and  Resinous,  or  Positive  and 
Negative  Electricity. 

If  a glass  rod  be  excited  by  friction  with  woollen  cloth, 
on  approaching  to  it  a light  body,  as  a small  bit  of  cork, 
the  cork  is  first  attracted,  in  a short  time  it  is  repelled, 
and  is  not  again  attracted  until  it  has  been  touched  by  a 
conducting  body.  But  if  a rod  of  sealing  wax  be  excited 
by  friction  with  the  cloth,  the  cork,  in  the  state  in  which 
it  is  repelled  by  the  glass,  is  attracted  by  the  wax,  and  on 
the  other  hand  is  repelled  by  the  wax  when  in  that  state 
in  which  it  is  attracted  by  the  glass.  These  electrics  pre- 
sent also  the  electrical  light  under  different  forms.  If  a 
pointed  conductor,  as  a needle,  be  presented  to  the  glass. 
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a iTOund  lucid  point  appears  on  its  extremity  in  the  dark ; 
but  if  presented  to  the  wax,  a pencil  of  rays  seems  to  is- 
sue from  the  needle.  And  if  two  bodies  in  these  different 
states  be  brought  into  contact,  they  attract  each  other,  at 
the  same  time  the  electricity  in  the  one  appears  to  neu- 
tralise that  in  the  other,  and  the  electrical  phenomena 
soon  cease.  1 hese  two  electricities  being  first  obtained, 
the  one  from  glass,  the  other  from  resinous  bodies,  by 
friction,  were  named  the  Vitreous  and  the  Resinous,  and 
were  regarded  as  essentially  different. 

It  was  discovered,  however,  that  when  two  electrics  are 
rubbed  against  each  other,  the  one  acquires  always  the  one 
electricity,  the  other  the  other.  Thus,  in  the  common 
electrical  machine,  when  the  cushion  is  insulated,  on  fric- 
tion being  made,  it  exhibits  what  has  been  named  the  re- 
sinous, while  the  glass  gives  the  vitreous  electricity,  so 
that  if  a cork  ball  be  suspended  in  connection  with  the 
one,  and  a similar  ball  be  suspended  at  a short  distance  in 
connection  with  the  other,  or  with  the  prime  conductor 
in  communication  with  it,  they  attract  each  other.  And, 
by  certain  management,  particularly  employing  different 
substances  to  excite  friction,  or  by  altering  the  surface, 
the  same  electric  may  be  made  to  exhibit  either  electrici- 
tyi  glass  the  resinous,  and  sulphur  or  sealing-wax  the  vi- 
treous. 

Franklin,  from  these  facts,  was  led  to  deny  that  these 
electricities  were  different,  and  to  explain  the  phenomena 
on  a more  simple  hypothesis, — that  there  exists  only  one 
agent  by  which  they  are  produced,— a fluid  highly  elastic, 
or  repulsive  of  its  own  particles,  but  attracting  and  attract- 
ed by  the  particles  of  other  matter ; that  in  all  bodies  a 
portion  of  this  principle  is  present,  and  when  present  in 
them,  in  the  proportion  natural  to  each,  they  exhibit  no 
electrical  phenomena ; but,  if  subjected  to  certain  opera- 
tions, particularly  to  friction,  the  equilibrium  is  disturbed, 
and  the  body  either  acquires  more,  or  has  less,  than  its 
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natural  proportion.  In  the  former  case  it  is  said  to  be 
electrified  jjluSi  in  which  state  it  presents  the  phenomena 
ascribed  to  what  was  called  the  vitreous  electricity : in  the 
latter  case  it  is  said  to  be  electrified  minus^  which  corre- 
sponds with  the  state  of  resinous  electricity;  and  hence  in- 
stead of  these  terms,  the  phrases  Positive  and  Negative 
electricity  are  employed  in  the  Franklinian  theory.  Ihis 
theory,  or  rather  hypothesis,  accorded  with  the  pheno- 
mena of  electricity : it  explained  very  well  the  excitation 
of  the  different  electrical  states,  where  the  one  body  al- 
ways passes  into  the  one  state,  the  othei  into  the  othei  , 
as  in  the  common  electrical  machine,  where  the  silk  cu- 
shion, yielding  part  of  its  electricity  to  the  glass,  becomes 
nef^ative,  while  the  latter  becomes  positive.  It  has  never 
been  established,  however,  by  any  rigorous  evidence,  nor 
has  the  opposite  hypothesis  been  disproved,  or  even  shewn 
to  be  inconsistent  with  facts.  Assuming  the  existence  of 
two  fluids,  each  of  which  repels  its  owm  particles,  but  at- 
tracts those  of  the  other,  which  are  contained  in  all  bo- 
dies, but  are  separated  by  certain  causes,  particularly  by 
friction,  which  when  separate  give  rise  to  what  arc  termed 
the  Positive  and  Negative  electric  states,  and  which  when 
united  produce  that  equilibrium  which  is  not  discoverable 
by  any  electrical  phenomena,— admitting  these  assump- 
tions, the  phenomena  of  electricity  can  be  explained.  Ihe 
experiments,  which  have  been  supposed  to  shew  the  direc- 
tion of  the  motion  of  the  electric  fluid,  and  by  which  of 
course  the  positive  and  negative  states  of  a body  with  re- 
o-ard  to  it,  it  is  imagined,  are  discovered,  are  admitted  to 
be  fallacious  or  inconclusive,  and  are  solved  on  the  hypo- 
thesis of  two  fluids,  by  the  supposition  that  the  facility  with 
which  the  one  is  conducted,  is  somewhat  different  from 
that  of  the  other.  The  principal  advantage  of  Franklin’s 
system  is  its  superior  simplicity.  On  the  othei  hand,  the 
phenomena  ot  galvanism  prove,  that  the  two  electiicities, 
whatever  may  be  the  relation  between  them,  exert  diffc- 
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rent  chemical  agencies ; and  hence,  whatever  theory  be  a- 
dopted,  it  has  become  more  necessary,  in  their  chemical 
history,  to  distinguish  between  them. 

When  the  prime  conductor  of  the  electrical  apparatus 
is  excited,  on  approaching  to  it  within  a short  distance, 
a conductor,  such  as  a metallic  ball,  a luminous  train  or 
spark  darts  from  the  one  to  the  other,  and  a similar  ap- 
pearance is  exhibited  in  the  transfer  of  electricity  from 
one  body  to  another  at  a sensible  distance  in  any  elastic 
fluid.  This  spark  is  capable  of  exciting  heat,  as  well  as 
of  conveying  electrical  effects. 

When  a glass  bottle  or  jar  is  coated  externally  and  in- 
ternally with  tinfoil  to  within  three  or  four  inches  of  its  top, 
and  a metallic  rod  passes  into  the  cover  adapted  to  its  a- 
perture,  so  that  the  rod  or  a chain  attached  to  it  touches 
the  side  or  bottom  of  the  jar  within,  (an  arrangement 
named  the  Leyden  Bottle  or  Jar,)  on  applying  the  rod 
to  the  prime  conductor  of  the  electrical  machine  positive- 
ly excited,  the  positive  state  of  electricity  is  communicated 
to  the  internal  surface  of  the  bottle,  and  at  the  same  time 
the  external  surface,  if  it  is  in  communication  with  the 
earth  by  means  of  a conductor,  passes  into  the  negative 
state.  If  in  this  charged  state  of  the  two  surfaces,  a con- 
ductor, such  as  a metallic  arc,  be  applied  between  them, 
the  equilibrium  is  instantly  restored ; and  a body  placed 
in  the  circuit  is  powerfully  acted  on  by  the  discharge, 
strong  sensations  or  muscular  contractions  for  example, 
are  excited,  and  heat  in  higher  intensity  than  that  from 
the  spark  is  produced.  A number  of  such  jars  may  be 
so  connected  by  communicating  wires,  that  the  inter- 
nal surface  of  the  whole  shall  be  in  one  state,  and  the  ex- 
ternal surface  in  the  other;  and  from  the  discharge  of  such 
a battery,  by  a communication  being  formed  between  the 
two  surfaces,  effects  proportionally  more  powerful  are  ob- 
tained. 

There  is  another  mode  in  which  the  electrical  state  is 
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induced, — that  by  induction  or  position.  If  a conductor 
insulated,  a metallic  rod,  for  example,  supported  on  glass, 
be  placed  opposite  to  an  excited  electric,  and  at  a short 
distance  from  it  in  the  atmosphere,  the  extremity  of  the 
rod  opposite  to  the  excited  electric  passes  into  the  state  of 
electricity,  the  reverse  of  that  in  the  latter,  and  the  other 
end  of  the  rod  passes  into  the  other  state,  while  in  the  mid- 
dle the  natural  state  exists ; and  a series  of  conductors  may 
be  thus  excited.  The  production  of  tlie  spark  and  the 
charge  of  the  coated  jar  appear  to  depend  on  this  principle 
of  induction. 

Electricity  is  excited  by  other  causes  than  by  friction. 
Certain  bodies  by  mere  contact,  even  when  every  precau- 
tion is  taken  to  avoid  friction,  alter  the  state  of  electric 
equilibrium,  one  becoming  positive,  the  other  negative ; at 
least  they  are  found  to  be  in  these  states  after  their  sepa- 
ration ; and  such  a relation  exists  between  the  assumption 
of  these  states,  and  the  chemical  constitution  or  nature  of 
bodies,  that  some  are  disposed  to  become  positive,  others 
negative ; that  body,  for  example,  which  has  the  most 
powerful  attraction  to  the  element  oxygen,  passing  to  the 
former  state,  that  which  has  a weaker  attraction  to  oxy- 
gen passing  to  the  latter.  The  application  of  heat,  too,  in 
some  cases,  excites  the  different  electrical  states : certain 
crystallized  fossils,  more  particularly,  exhibit  this  result, 
such  as  the  tourmalin,  the  boracite,  and  others ; the  crys- 
tal at  one  extremity,  or  on  certain  planes  becoming  posi- 
tive, and  in  the  extremity  or  on  the  planes  opposed  to  these 
becoming  negative.  In  fusion  and  in  congelation,  the 
experiments  of  Wilcke  and  ^pinus  have  shewn,  the  dif- 
ferent electricities  arc  excited,  the  states  of  and  ??imus 
being  produced  in  the  body  which  has  suffered  the  change 
of  form,  and  the  matter  with  which  it  has  been  in  con- 
tact during  the  change : the  same  thing  happens  in  the 
formation  and  condensation  of  vapour.  And  there  is  rea- 
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son  to  believC}  that  similar  changes  are  the  consequences 
of  chemical  action. 

The  chemical  agencies  of  electricity  are  connected  with 
its  attractive  and  repulsive  forces ; with  its  power  of  exci- 
ting heat ; and  probably  in  part  with  its  relation  to  light. 

The  attractive  and  repulsive  energies  of  electricity  are 
dependent  on  its  different  states  ; and  with  regard  to 
these,  the  following  laws  exist,  important,  more  particu- 
larly, in  relation  to  the  chemical  changes  which  arise  from 
voltaic  electricity.  First,  Bodies  in  the  same  state  of  elec- 
tricity, whether  positive  or  negative,  repel  each  other: 
the  body  A being  positive,  will  repel  the  body  B also  po- 
sitive ; or,  if  both  are  negative,  they  will  equally  repel. 
Secondly,  Bodies  in  different  states  of  electricity  attract 
each  other  ; the  body  A being  positive,  and  B being  ne- 
gative, they  display  a mutual  attraction  which  causes  their 
approximation  and  contact.  Thirdly,  A body  in  the  na- 
tural state  is  attracted  by  a body  either  positively  or  ne- 
gatively electrical.  Lastly,  Two  bodies  in  the  different 
electrical  states,  when  brought  into  contact,  neutralize  each 
other ; the  electric  excitement  in  each  ceases,  and  their 
mutual  attraction  therefore  ceases  to  operate.  These  at- 
tractions and  repulsions  are  exerted  at  sensible,  and  if  the 
electrical  excitation  be  high  at  very  considerable  distan- 
ces. Their  application  to  the  chemical  changes  which  a- 
rise  from  the  operation  of  voltaic  electricity  falls  to  be 

considered  under  its  history. 

Heat  is  produced  in  the  production  of  the  clcctiic  equi- 
librium, from  the  different  electrical  states  ; and  the  ut- 
most intensity  of  it  can  be  obtained,  and  appaientlj  for 
an  unlimited  time,  when  the  tw'O  forces,  the  positive  and 
negative,  are  supplied  as  the  equilibrium  proceeds,  as  is 
wetl  displayed  in  the  contact  of  two  conductors  from  the 
extremities  of  a voltaic  battery.  And  in  the  transmission 
of  the  electric  force,  the  transmitting  medium  under  a cer- 
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tain  degree  of  electrical  intensity  conveyed  through  it,  sus- 
tains elevation  of  temperature.  It  is  not  easy  to  assign 
the  theory  of  this  connection  of  heat  with  electricity.  The 
unlimited  evolution  of  heat,  in  particular,  in  the  neutrali- 
zation of  the  two  electricities,  presents  a difficulty  which 
in  our  present  imperfect  knowledge  of  the  nature  and  re- 
lations of  these  powers  cannot  be  satisfactorily  solved. 

In  the  transmission  of  electricity  through  a conducting 
body,  the  degree  of  heat  produced  is,  in  some  measure, 
proportional  to  the  resistance  opposed  to  the  quantity 
transmitted  ; and  hence,  when  there  is  no  sensible  resis- 
tance, there  is  no  sensible  heat.  Van  Marum  placed 
the  bulb  of  a very  sensible  thermometer  in  a cavity  in  a 
brass  plate,  five  inches  in  diameter,  and  eleven  in  length, 
which  was  suspended  by  silk  strings  near  the  conductor  of 
his  powerful  electrical  machine.  Keilher  from  positive 
uor  negative  electricity  was  there  any  rise  of  temperature, 
uor  was  any  perceived  when  the  bulb  was  placed  in  a ca- 
vity in  a piece  of  charcoal.  But  if  it  was  suspended  loose 
between  two  conductors,  so  as  to  have  the  stream  of  elec- 
tricity directed  upon  it,  it  rose  80  or  100  degrees  of  Fah- 
renheit’s scale  *.  When  a thermometer  is  placed  between 
imperfect  conductors,  its  temperature  is  raised.  Nairne 
observed,  that  when  the  bulb  was  placed  in  the  luminous 
current  between  two  balls  of  wood,  it  rises  32  degrees ; 
and  Van  Marum  found,  that  in  placing  it  in  a cavity  in  a 
rod  of  wood,  placed  between  the  ball  of  the  conductor  and 
the  conducting  rod  of  his  apparatus,  it  rose  in  five  mi- 
nutes from  61°  to  112°.  In  its  concentrated  state,  under 
the  form  of  the  spark,  it  is  capable  of  kindling  inflamma- 
ble bodies,  as  ether,  or  spirit  of  wine ; or  if  transmitted 
through  mixed  gases,  having  mutual  affinities,  it  acts  on 
the  mixture  as  a spark  from  an  ignited  body  would,  and 


* Philosophical  Magazine,  vol.  viii,  p.  193. 
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causes  them  to  combine.  This  power  is  still  more  conspi- 
cuous in  the  discharge  from  a coated  jar,  or  from  an  elec- 
trical battery  ; a heat  is  produced  suflicient,  according  to 
the  strength  and  celerity  of  the  discharge,  to  ignite,  and 
even  to  melt  the  most  refractory  of  the  metals.  From  the 
highest  charge  of  a battery,  containing  135  square  feet  of 
coated  surface,  Van  Marum  found  he  could  fuse  180  in- 
ches of  iron  wire,  diameter,  or  6 in- 
ches of  iron  wire  i”ch  ; from  a charge  of  a bat- 

tery of  35Q  square  feet  of  coated  surface,  25  inches  of  the 
latter  wire  were  molted ; and,  from  the  discharge  of  a bat- 
tery of  550  square  feet  of  coating,  an  iron-wire,  ^V^h  inch 
in  diameter,  and  24  inches  long,  was  thrown  to  a distance 
in  small  red-hot  globules.  A discharge  on  quartz,  one  of 
the  most  infusible  minerals,  rounded  its  corners  and  points, 
and  even  fused  a part  of  it. 

From  the  heat  produced  by  electricity  being  thus  de- 
pendent in  part  on  the  resistance  opposed  to  its  transmis- 
sion, arises  the  circumstance,  that  a quantity  which,  if 
passed  through  a metallic  wire  of  moderate  thickness,  will 
produce  little  heat,  on  being  transmitted  through  a simi- 
lar wire,  of  only  one-tenth  the  diameter  of  the  other,  will 
extricate  a quantity  sufficient  to  melt  it.  Hence,  too,  if  a 
quantity  of  electricity  be  discharged  on  a metallic  wire, 
sufficient  to  melt  it,  on  discharging  on  the  same  wire  a 
quantity  a little  less,  the  rise  of  temperature  is  not  mere- 
ly a little  inferior  to  what  was  excited  in  the  first  experi- 
ment, but  is  inconsiderable.  From  this  fact,  Berlhollct 
revives  an  opinion  once  maintained,  of  w’hat  was  termed  a 
Cold  Fusion  being  produced  by  electricity;  or,  as  he  states 
it,  the  electricity  operates  in  fusing  bodies,  not  “ by  ele- 
vation of  temperature,  but  by  a dilatation  which  separates 
the  particles  of  bodies.”  The  hypothesis  is  a vague  one  ; 
and  in  reference  to  this  very  question,  it  has  been  proved, 
that  when  a body  loses  its  solidity  from  an  electric  dis- 
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charge,  it  is  actually  fused,  and  with  elevation  of  tempera- 
ture^. 

Van  Marum  found  the  order  of  fusibility  in  the  diffe- 
rent metals  by  the  electric  fluid  to  be  different  from  that 
by  the  direct  application  of  heat.  The  same  quantity  of 
electricity  being  discharged  through  wires  of  the  same 
diameter  of  the  different  metals,  120  inches  of  zinc  were 
melted  ; the  same  of  lead  ; of  iron  5 inches ; of  gold  34- ; 
and  of' silver  and  copper  not  quite  a quarter  of  an  inch. 
Hence,  it  appears,  that  lead  and  zinc  are  equally  fusible  by 
the  electric  fluid,  though  different  degrees  of  heat  are  ne- 
cessary to  melt  them  ; and  iron,  though  much  less  fusible 
than  gold  or  silver  by  heat,  is  melted  in  greater  quantity 
by  the  electric  fluid.  It  is  possible  that  different  metals 
differ  in  the  resistance  they  oppose  to  the  transmission  of 
electricity,  and  perhaps  also  the  heat  excited  by  that  agent 
may  be  similar  to  that  produced  by  friction  or  percussion, 
of  course  connected  with  the  vibratory  motion  of  the  bo- 
dies subjected  to  it,  and  therefore  in  part  dependent  on  » 
their  capability  of  being  put  into  such  a state. 

From  its  power  of  exciting  heat,  electricity  favours  che- 
mical combination,  and  in  particular  cases  is  a more  con- 
venient form  of  applying  heat  for  that  purpose  than  any 
other.  Its  power  in  promoting  combination  is  exemplified 
in  the  change  it  produces  on  the  surface  of  metals  through 
which  it  is  transmitted,  while  they  are  exposed  to  the  at- 
mospheric air.  It  causes  them  to  combine  with  the  oxy- 
gen of  the  air;  and  if  the  electric  discharge  has  been 
powerful,  the  change  is  effected  through  the  whole  sub- 
stance of  the  metal.  It  is  principally,  however,  to  pro- 
mote the  combination  of  gaseous  bodies  that  electricity  is 
applied  ; and  it  has  the  peculiar  advantage  that  it  allows  us 
to  apply  heat,  and  at  the  same  time  not  admit  the  air. 
The  apparatus  employed  is  a thick  glass  tube,  fig.  50, 


* Priestley’s  History  of  Electricity,  4to,  p.  317 — 18. 
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closed  at  one  end,  perforated  with  small  holes,  at  about  1 1 
inch  from  the  end,  in  which  are  fixed  by  cement  two  me- 
tallic wires,  the  extremities  of  which,  within  the  tube,  are 
distant  one-eighth  inch.  Any  mixed  gas  intended  to  be 
acted  on  being  introduced  into  the  tube  previously  filled 
with  water  or  quicksilver,  so  as  to  depress  the  fluid  a short 
space  below  the  wires,  the  electric  spark  is  transmitted 
through  the  mixture,  from  the  extremity  of  the  one  wire 
to  the  other,  by  approaching  the  small  ball  at  the  extre- 
mity without  to  the  excited  conductor  of  the  electrical  ma- 
chine, a chain  being  hung  on  the  opposite  wire.  In  the 
mixture  of  some  gases  a . single  spark  is  sufficient  to  cause 
the  combination  to  proceed  through  the  whole  mixture- 
In  other  cases,  a stream  of  sparks  requires  to  be  transmit- 
ted to  produce  the  combination  to  any  perceptible  extent. 
Where  the  combination  is  attended  with  explosion,  which 
is  the  case  in  firing  mixtures  of  an  inflammable  gas  with 
oxygen  gas  or  with  atmospheric  air,  the  violence  of  the 
explosion  may  sometimes  depress  the  water  in  the  tube  to 
the  bottom,  and  drive  out  a little  of  the  gas.  And  if,  to 
prevent  this,  the  mouth  of  the  tube  be  accurately  closed, 
there  is  both  the  risk  of  the  tube  being  broken  in  the  ex- 
plosion, and  a vacuum  is  formed  after  the  combination, 
whence  the  air  which  the  water  holds  dissolved  escapes  and 
adds  to  the  volume  of  the  residual  gas.  To  obviate  these 
inconveniences,  Volta  employed  a particular  apparatus, 
designed  chiefly  to  be  employed  as  a eudiometer,  in  deter- 
mining the  quantity  of  oxygen  pi’esent  in  any  gas  by  de- 
tonation with  hydrogen.  Gay-Lussac  has  lately  given  a 
description  of  one  more  simple.  It  consists,  Fig.  51,  of  a 
thick  tube  of  glass  closed  at  the  top  by  a ring  of  brass,  ab, 
through  which  passes  a wire,  terminated  without  by  a ball, 
and  within  by  another  ball,  c ; opposite  to  this  is  a simi- 
lar ball',  dj  to  receive  the  electric  spark,  supported  on  a 
thick  metallic  wire,  ef,  which  is  twisted  in  a spiral  form  so 
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ns  to  renulin  firm  by  being  in  contact  at  dillerent  parts 
with  the  sides  of  the  tube.  To  the  lower  end  of  the  tube 
a brass  ring,  gh,  is  adapted,  and  to  this  is  fixed  by  a screw, 
q,  a circular  plate,  iJc^  moveable  around  the  screw,  which 
has  in  the  centre  a conical  opening  closed  by  a valve, 
which,  when  in  motion,  is  supported  by  the  stalk,  mn,  this 
is  pressed  down  by  the  explosion,  and  again  rises  the 
small  pin,  «,  fixing  the  height  to  which  it  can  rise.  To 
afford  greater  firmness  to  the  plate,  ik,  it  is  inserted  with- 
in a small  notch,  k,  wrought  in  the  projection,  /,  of  the 
ring,  gh.  A ring  with  a handle  is  adapted  to  the  middle 
of  the  tube,  wdiich  can  be  pressed  firm  by  a serew,  by  which 
the  instrument  is  held  in  the  hand  when  the  spark  is  to  be 
taken  This  instrument,  I have  found,  may  be  rendered 
considerably  more  simple  with  the  same  advantages,  by  em- 
ploying merely  a circular  piece  of  caoutchouc  as  a valve, 
placing  it  over  an  aperture  in  a brass  plate  fitted  by  a 
screw  to  a ring  on  the  extremity  of  the  tube,  in  such  a 
manner  that  it  is  pressed  down  by  any  expansion  from 
within  the  tube,  and  is  raised  up  by  pressure  from  with- 
out, so  that  water  surrounding  it  enters.  Or,  what  affords 
perhaps  a preferable  method,  a small  caoutchouc  bottle 
may  be  fitted  by  a screw  to  a ring  on  the  end  ol  the  tube. 
If  the  bottle  compressed  a little  be  filled  with  w ater  when 
the  tube  containing  the  gas  is  adapted  to  it,  room  is  left 
for  the  expansion  without  any  vacuum  being  formed,  w hile 
the  instrument  is  also  perfectly  close. 

By  the  same  agency,  electricity  is  able  to  effect  chemi- 
cal decomposition.  If  the  spark  is  taken  in  a compound 
gas,  it  separates  its  constituent  parts  ; or  if  an  interrupted 
electrical  discharge  be  sent  through  water,  it  is  attended 
with  the  disengagement  of  a small  quantity  of  elastic  fluid, 
w hich  consists  of  the  elements  of  w'ater.  Other  compound 
fluids,  as  alkohol,  are  decomposed  in  a similar  manner ; 
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and  if  the  metallic  oxides  be  exposed  to  a strong  explosion 
from  a battery,  they  are  reduced  to  the  metallic  state  *. 

Electricity  is  intimately  connected  with  light.  When 
it  passes  through  the  air  from  one  conductor  to  another* 
it  exhibits  a luminous  spark  ; when  discharged  through 
the  vacuum  of  an  air-pump,  it  presents  vivid  corrusca- 
tions  ; these  appear  even,  though  more  faintly,  in  the  Tor- 
ricellian vacuum.  In  transmission  through  any  fluid, 
the  fluid,  if  not  in  large  quantity  proportioned  to  the  dis- 
charge, is  rendered  luminous  f;  or  if  discharged  in  large 
quantities  over  the  surface  of  a solid,  a brilliant  illumina- 
tion is  produced.  The  electrical  light  is  also  heteroge- 
neous, or  consists  of  the  different  refrangible  rays.  Priest- 
ley observed  these  by  a prism  ; and  Morgan  has  remark- 
ed that  the  electric  light  assumes  different  colours  accord- 
ing to  the  medium  in  which  it  is  taken  ; sometimes  the 
more  refrangible  rays  being  separated,  sometimes  the  less. 
A spark  conveyed  through  a vacuum  not  perfect,  displays 
the  indigo  rays ; in  the  vapour  of  ether  it  is  green,  and  in 
ammoniacal  gas  red.  Or  if  the  electric  discharge  be  trans- 
mitted over  a piece  of  insulated  wood,  by  placing  the  wires 
between  which  the  discharge  takes  place  at  different  dis- 
tances from  the  wood,  the  light  will  exhibit  nearly  all  the 
prismatic  colours 

The  nature  of  this  relation  of  Electricity  to  Light  is  as 
imperfectly  understood  as  the  nature  of  its  relation  to  Heat, 
and  the  intimate  connection  subsisting  between  these  three 
powers  forms  at  present  indeed  one  of  the  most  difficult 
subjects  of  chemical  theory.  The  peculiar  agencies  of  e- 
lectricity  in  subverting  combination  apparently  unconnect- 
ed with  them,  and  depending  more  immediately  on  the 
attractive  and  repulsive  forces  which  it  exerts  in  its  differ- 


* Philosophical  Magazine,  vol.  viii,  p.  197,  319. 
I Philosophical  Transactions,  vol.  Ixxv,  p.  198. 
t Ihid.  vol.  Ixxv,  p.  205. 
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cnt  states,  involve  a subject  of  investigation  not  less  ob- 
scure ; while  these  agencies,  displayed  more  peculiarly  in 
galvanic  arrangements,  demonstrate  more  clearly  the  great 
importance  of  electricity  as  a chemical  power. 


Sect.  II. — Of  Galvanisirii  or  Voltaic  Electricity, 

Galvanism  is  apparently  the  same  principle  as  electri- 
city. Admitting  this,  however,  its  effects,  and  its  mode  of 
production,  are  so  far  peculiar,  that  it  is  proper  to  consider 
it  under  a separate  section.  Our  knowledge  of  this  agent 
is  of  recent  date.  Galvani,  an  Italian  physiologist,  obser- 
ved the  first  striking  phenomenon,  which,  becoming  the 
subject  of  investigation,  led  to  the  discovery  of  the  princi- 
ple which  has  from  him  derived  its  name ; though  Volta 
is  the  philosopher  to  whom  we  are  indebted  for  any  ade- 
quate knowledge  of  its  development  and  powers,  and  from 
whom  the  name  ought  to  have  been  derived. 

Some  observations  having  occurred  to  Galvani  on  the 
facility  with  wdiich  the  muscular  fibres  of  a frog  are  exci- 
ted to  contraction  by  electricity,  he  w\as  led  to  some  ex- 
periments, from  which  the  discovery  resulted,  that  by  ap- 
plying a conductor  of  electricity  to  the  nerve  and  muscle 
of  an  animal,  contractions  are  excited.  He  inferred  from 
th  is,  that  the  tw  o parts  are  in  different  states  of  electricity, 
oney)//«,  the  other  minus  ; and  that  the  application  of  the 
conductor  causes  the  discharge,  whence  the  contraction  in 
the  muscle  is  produced.  The  subject  was  prosecuted  by 
other  physiologists,  and  the  term  Animal  Electricity  was 
applied  to  the  agent  concerned  in  this  phenomenon,  from 
the  hypothesis  that  it  was  generated  in  the  animal  sys- 
tem,— an  hypothesis  apparently  deduced  from  these  phe- 
nomena, and  supported  by  the  analogy  drawn  from  the 
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electrical  animals,  the  Torpedo,  Siluriis  electricus,  and 
Gymnotus  electricus,  in  whom  there  is  evidently  displayed 
the  power  of  the  living  system  to  produce  electricity. 

Volta  considered  these  phenomena  under  a different 
point  of  view.  It  had  been  found,  that  by  coating  the 
nerve  of  the  animal  with  metal,  the  contractions  excited 
are  considerably  stronger  ; Volta  concluded  that  the  elec- 
tricity is  generated  by  the  metal,  not  by  the  animal ; and 
that  the  introduction  of  living  matter  into  the  arrange- 
ment, only  renders  evident  the  production  of  small  quan- 
tities of  this  power.  His  experiments  shewed  that  the  con- 
nection of  a nerve  with  a muscle  is  not  requisite,  but  that  if 
tvvo  metals  be  applied  to  different  parts  of  a muscle,  on 
connecting  them  by  an  electrical  conductor,  contractions 
are  excited.  He  shewed  also  that  in  a similar  way  sensa- 
iions  can  be  excited ; that  when  one  metal,  for  example, 
is  applied  to  the  under  surface  of  the  tongue,  and  another 
to  the  upper  surface,  on  bringing  their  edges  into'  contact, 
or  connecting  them  by  a conductor,  a peculiar  taste  is  felt*. 

For  some  time  the  prosecution  of  these  experiments,  and 
the  discussion  of  the  questions  they  involved,  engaged  the 
attention  of  philosophers.  At  length  the  capital  discovery 
by  Volta  of  a mode  of  augmenting  greatly  the  galvanic 
energy,  demonstrated  the  falsity  of  the  hypothesis,  that  its 
production  is  a process  of  vitality,  introduced  into  science 
a new  principle,  and  conferred  on  chemistry  an  instrument 
of  nearly  unlimited  power.  And  this  discovery,  it  deserves 
to  be  remarked,  was  not  the  result  of  accident,  and  scarce- 
ly in  any  degree  of  the  progress  of  the  department  of  know- 
ledo-e  with  which  it  was  connected  : it  was  the  fruit  of  pre- 
conceived  theory,  or  rather  hypothesis,  and  but  for  the  ap- 
plication of  that  theory  might  have  for  ever  remained  un- 
known. In  this  respect,  perhaps,  the  Pile  of  Volta  stands 
unrivalled  in  the  history  of  philosophy. 


Letter  of  Volta,  Philosopliical  Transactions,  1793,  p.  10. 
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Volta’s  arrangement  consists  of  two  plates  of  different 
metals  in  contact,  forming  a scries,  with  a liquid  interpo- 
sed between  each  pair  of  plates.  Upon  a plate  of  metal, 
suppose  of  silver  or  copper,  is  placed  a similar  plate  of 
another  metal,  suppose  zinc,  and  over  this  a piece  of  card 
or  cloth  of  the  same  size,  previously  moistened  with  water, 
or  rather  with  a saline  liquor : this  series  of  copper,  zinc, 
and  moistened  card,  is  repeated  in  the  same  order,  and  in 
this  way  a pile,  consisting  of  a number  of  pieces  of  each 
metal,  is  reared,  as  represented  Fig.  64,  PI.  VI.  Between 
each  pair  of  plates,  electricitj'  is  generated ; the  one  metal, 
the  zinc,  becoming  positive,  the  other,  the  copper,  nega- 
tive; the  extremities  are  in  the  opposite  electrical  states, 
so  that  a wire  from  either  applied  to  a delicate  electrome- 
ter causes  divergence.  If  one  finger,  moistened,  be  ap- 
plied to  the  top  of  the  pile,  and  another  finger,  moistened, 
to  the  under  plate  of  the  pile,  the  moment  this  contact  is 
established,  a sensation  is  felt,  somewhat  similar  to  an  elec- 
trical shock,  and  electrical  phenomena  can  be  obtained 
from  the  contact  of  conducting  wires  with  the  two  extre- 
mities. 

Another  arrangement,  similar  in  principle,  wliich  Volta 
used,  is  that  which  he  names  the  Couronne  dc  Tasses,  re- 
presented Fig.  67.  It  consists  of  a series  of  glass  cups 
nearly  filled  with  water,  or  a saline  solution.  In  the  first 
is  put  a plate  of  metal,  suppose  silver  ; from  this  plate  there 
is  a wire  or  thin  flat  piece  of  the  same  metal,  which,  by  a 
curvature,  can  be  inserted  into  a second  cup,  in  which  is 
placed  a plate  of  a different  metal,  suppose  zinc,  to  which 
this  wire  is  also  attached.  We  have  thus  the  two  metals 
connected  by  a metallic  arc,  with  fluid  surrounding  them. 
In  the  second  cup  is  placed  another  plate  of  silver,  at  a 
distance  from  the  zinc,  which  is  connected  with  a plate  of 
zinc  in  a third  cup  ; and  in  this  manner  the  series  is  pro- 
longed, through  a number  of  cups. 

V olta  communicated  an  account  of  his  pile  to  the  Royal 
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Society  of  London  *.  A number  of  experiments  with  it 
w’ere  soon  made  by  the  British  chemists,  and  it  was  in 
the  piosecution  ot  these  researches  that  the  discovery  was 
made  of  its  agency  in  producing  chemical  dfects.  Mr 
Carlisle  and  Mr  Nicholson,  observing  accidentally,  tliat 
from  a globule  of  water  on  the  upper  metallic  piece  of  the 
pile,  a small  stream  of  gas  arose,  which  had  the  smell  of 
hydrogen,  Mr  Nicholson  proposed  to  introduce  wires,  con- 
nected with  the  two  extremities  of  the  pile,  into  a tube 
filled  with  water,  and  they  had  the  satisfaction  of  perceiv- 
ing immediately  a stream  of  gas  to  arise  from  the  wire  con- 
nected with  the  negative  side  of  the  pile,  and  the  wire  con- 
nected with  the  other  appeared  to  be  oxidated.  On  em- 
ploying wires  of  a metal  not  easily  oxidable,  as  platina,  a 
stream  of  gas  issued  from  each,  that  from  the  one  beino- 
hydrogen,  from  the  other  oxygen  f.  These  experiments 
were  immediately  extensively  prosecuted. 

Mr  Cruickshank  greatly  facilitated  the  investigation  by 
his  invention  of  an  apparatus,  more  convenient,  and  ca- 
pable of  being  rendered  more  powerful  than  the  pile.  It 
is  what  is  named  the  Galvanic  Trough.  It  consists,  Fio-.  69. 
of  a trough,  of  hard  wood,  in  the  sides  of  which  are  cut 
small  grooves,  at  the  distance  from  each  other  of  from  ^ 
to  ^ of  an  inch,  according  to  the  width  of  the  trough.  Plates 
of  two  metals,  generally  of  copper  and  zinc,  not  less  than 
2 or  3 inches,  and  usually  of  4-  or  6 inches  square,  are  sol- 
dered together,  and  this  soldered  or  double  plate  is  insert- 
ed in  each  groove  of  the  box,  and  fixed  in  it  by  a cement 
of  resin  and  wax,  so  well  applied  that  no  liquid  can  pass 
through,  taking  care  that  the  order  in  which  they  are  in- 
serted shall  not  be  reversed,  but  that  if  the  copper  side  of 
the  double  plate  has  been  next  to  the  extremity  of  the 
trough  at  which  the  insertion  has  commenced,  the  copper 
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sides  of  all  the  others  shall  be  in  the  same  position,  and  the 
zinc  side  of  the  last  plate  shall  therefore  be  opposite  to  the 
other  extremity.  The  grooves  thus  filled  by  the  metallic 
plates,  being  at  a certain  distance  from  each  other,  there 
are  of  course  cells  or  cavities  between  them,  and  these  are 
designed  to  contain  the  liquid  by  which,  the  galvanism  is 
excited,  or  they  serve  the  same  purpose  as  the  moistened 
cards  or  pieces  ot  cloth  in  the  pile  of  Volta. 

This  arrangement  is  possessed  of  great  advantages,  com- 
pared with  the  pile.  The  surfaces  of  the  two  metals  which 
are  in  contact,  by  being  soldered,  are  prevented  from  suf- 
fering any  chemical  change,  by  which  their  conducting 
power  would  be  impaired  j and  the  cells  containing  so 
much  liquid,  Ahe  trough  can  be  preserved  longer  in  action 
than  the  pile  ; and  the  action  from  a given  surface  of  me- 
tal is  from  the  same  cause  more  energetic.  It  is  also  more 
easily  put  in  action,  and  kept  clean. 

Another  mode  of  constructing  the  voltaic  battery  has 
'since  been  introduced.  By  the  plates  of  the  two  metals 
being  soldered  together  in  the  old  method,  one  of  the 
surfaces  of  each  being  protected  from  the  action  of  the 
liquid,  contributes  nothing  to  the  effect.  In  the  new- 
mode  the  plates  are  not  in  contact,  but  are  placed  at  a 
distance  of  half  an  inch,  and  are  connected  by  a metallic 
ai'c.  The  trough  is  divided  into  cells  by  partitions  of  glass, 
the  sides  being  rendered  sufficiently  close  by  the  usual  ce- 
ment i or  it  is  constructed  ot  earthen  ware,  with  partitions 
of  the  same  material.  The  plates  are  introduced,  so  that 
the  partition  is  interposed  between  them,  and  the  arc  a- 
bove  forms  the  communication  ; each  plate  in  this  state  of 
connection  is  thus  in  a different  cell,  and  each  cell  con- 
tains a plate  of  each  metal  unconnected,  except  by  the 
medium  of  the  liquid ; the  due  order  being  observed,  so 
that  the  series  of  zinc,  copper  and  liquid  is  preserved.  The 
arrangement  is  precisely  similar  to  that  of  the  Qouronne 
dc  2'asseSf  described  page  592,  the  form  only  being  more 
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convenient  and  economical.  The  plates  are  sometimes 
hung  at  the  proper  distances  from  a rod,  so  that  they  can 
be  raised  from  the  liquid  when  it  is  wished  to  interrupt 
the  experiment.  This  is  an  advantage,  as  avoiding  an  un- 
necessary expenditure  of  power,  and  also  from  another 
circumstance,  that  the  action  of  the  metallic  plates  is  al- 
ways most  powerful  at  their  first  immersion,  that  it  gra- 
dually diminishes,  but  is  renewed  by  removal,  and  a new 
immersion.  Mr  Pepys  has  given  the  construction  of  a 
very  complete  apparatus  on  this  plan*.  These  advanta- 
ges are,  on  the  other  hand,  in  some  measure  counterba- 
lanced by  the  circumstance,  that  in  order  that  the  plates 
may  be  easily  introduced  into  the  cells,  it  is  necessary  to 
place  the  partitions  at  a considerable  width,  ami  thus  a 
large  quantity  of  liquor  is  required  : if  a very  extensive  ar- 
rangement be  employed,  however,  this  greater  distance  at 
' which  the  plates  in  each  cell  are  placed,  prevents  spon- 
taneous discharges  from  one  to  the  other.  With  regard 
to  the  arrangement  under  either  form,  it  does  not  appear 
that  it  has  the  advantage  which  was  at  first  supposed  to 
belong  to  it,  that  of  affording  from  a given  number  of  plates 
a double  power,  from  the  circumstance  of  both  surfaces 
being  acted  on  ; its  power  is  certainly  far  inferior  to  this, 
and  perhaps  docs  not  much  exceed  that  from  the  soldered 
plates ; while,  from  the  very  circumstance  of  both  sides 
of  the  metal  being  chemically  acted  on  by  the  liquor,  the 
action  is  sooner  exhausted.  It  has  the  convenience,  how- 
ever, that  the  state  of  the  plates  can  always  be  discovered, 
and  that,  if  necessary,  they  can  be  easily  repaired.  This 
form  of  the  trough  is  represented  Fig.  68. 

The  metals  used  in  constructing  a voltaic  scries  are  ge- 
nerally zinc  and  copper,  and  these,  on  the  whole,  answer 
best ; silver  and  zinc  appear  to  furnish  a more  powerful 
combination,  but  the  difference  is  not  considerable.  The 
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number  of  plates,  and  their  size,  must  be  regulated  by  the 
purpose  to  which  the  trough  is  to  be  applied.  The  wires 
for  conducting  and  applying  the  galvanism  should  be  of  a 
metal  not  liable  to  chemical  change  ; those  of  gold  or  pla- 
tina  have  this  advantage. 

Different  liquids  are  employed  to  fill  the  cavities  of  the 
trough,  and  differ  much  in  power.  With  water,  the  ef- . 
feet  is  very  inconsiderable  ; with  a solution  of  sea  salt  (mu- 
riate of  soda)  or  of  muriate  of  ammonia,  it  is  much  great- 
er j it  is  still  more  so  with  diluted  acids,  and  these  have 
the  farther  advantage,  that  they  keep  the  surface  of  the 
plates  clean,  or  at  least  remove  very  quickly  any  crust  of 
oxide  which  would  impede  the  excitation.  Nitrous  acid 
diluted  appears  to  be  most  powerful.  From  the  experi- 
ments of  Mr  Singer  *,  it  appears,  that  when  equal  pro- 
portions of  the  three  mineral  acids  to  a given  portion  of 
water  are  employed,  the  most  intense  heat  measured  by  the 
quantity  of  iron-wire  melted  in  the  galvanic  circuit  is  pro- 
duced by  nitric  acid,  next  to  it  by  sulphuric  acid,  and  least 
by  muriatic  acid  ; the  latter,  however,  exceeded  the  others 
in  the  length  of  time  during  which  it  retained  its  pow’er. 
The  extent  of  dilution  requires  to  be  different,  according 
to  the  size  and  number  of  the  plates,  and  according  to  the 
effect  designed  to  be  obtained  ; heat  and  light  are  produ- 
ced in  the  highest  intensity,  as  the  acid  is  less  diluted, 
while  to  produce  chemical  decomposition,  it  may  be  more 
diluted  } and  a stronger  acid  is  required  where  a battery 
of  large  plates  of  no  great  number  is  employed,  than  where 
a battery  of  small  plates  of  a much  greater  number  is  used. 
When  the  acid  liquor  is  strong,  the  action  of  it  on  the 
metals  is  attended  with  so  much  effervescence  as  to  be  in- 
convenient. On  an  average,  nitric  acid  may  be  diluted 
with  SO  parts  of  water,  muriatic  acid  with  20  or  25 ; sul- 
])huric  acid  diluted  with  25  of  water  acts  powerfully,  but 
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its  action  soon  ceases.  A mixture  of  sulphuric  and  nitric 
acids  in  the  proportion  of  one  of  the  former  to  two  or  three 
of  the  latter,  this  compound  acid  being  diluted  with  about 
40  parts  of  water,  excites  powerfully,  and  for  a consider- 
able time,  and  is  more  economical  than  nitric  acid  alone. 
A solution  of  sea-salt,  with  the  addition  of  a little  muriatic 
acid  may  be  used,  where  continuance  rather  than  strength 
of  action  is  required.  Gay-Lussac  and  Thenard  found 
that  the  mixture  of  salt  and  a diluted  acid  acts  more  power- 
fully than  the  diluted  acid  alone.  The  effects,  which  are 
purely  electrical,  displayed  in  the  power  of  affecting  the 
electrometer,  are  best  obtained  from  a weak  saline  solu- 
tion, and  are  excited  even  by  water  alone. 

It  has  not  been  found,  that  those  advantages  which 
were  expected  from  very  powerful  voltaic  batteries  are  at- 
tained. Beyond  a certain  degree  of  energy  various  cir- 
cumstances operate,  which  counteract  the  effect,  or  render 
it  less  capable  of  being  applied  to  the  purpose  of  chemical 
decomposition  : the  interposed  liquid,  in  particular,  is  ra- 
pidly decomposed,  so  as  to  render  the  experiment  difficult 
of  management  *,  its  power,  from  the  same  cause,  dimi- 
nishes rapidly  ; and  the  state  of  electrical  intensity  is  such, 
that  unless  the  battery  be  very  perfectly  insulated,  there 
is  a loss  of  power.  It  had  been  supposed,  that  insulation 
of  the  galvanic  apparatus  is  not  necessary  to  obtain  its  ef- 
fects, and  in  arrangements  at  a low  state  of  intensity  this 
is  the  case.  But  in  very  powerful  arrangements,  this  in- 
sulation is  required,  anti  the  experiments  of  Van  Marum 
had  shewn  that  it  considerably  augments  the  effect  *.  It 
is  a curious  fact,  that  removing  the  liquor  from  the  cells 
when  it  appears  exhausted,  and  again  introducing  it,  cau- 
ses a renewal  of  power. 

Though  the  arrangement  of  two  metals,  with  certain 
chemical  fluids,  be  that  generally  employed,  it  is  not  the 

I 
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sole  one  from  which  galvanic  electricity  may  be  generated ; 
and  as  illustrative  of  the  theory  of  its  production,  some 
facts  with  regard  to  this  require  to  be  stated. 

The  combination  of  a single  metal  with  a fluid  evolves 
this  power,  as  is  discovered  from  the  power  of  such  a com- 
bination to  excite  contraction  in  the  muscles  of  a prepared 
frog  ; but  no  accumulating  series  of  this  kind  can  be  form- 
ed. A metal  acted  on  by  two  different  liquids  affords  an 
arrangement,  the  powers  of  which  are  augmented  by  re- 
petition, though  in  different  degrees,  according  to  the  na- 
ture of  the  liquids.  If  a scries  be  formed  of  water,  metal, 
diluted  nitric  acid,  the  excitation  is  evident,  though  not 
' considerable.  One  similar  in  power  is  formed  from  the 
series,  water,  metal,  sulphuret  of  potash  ; while  from  the 
series,  dilute  nitric  acid,  metal,  sulphuret  of  potash,  the 
production  is  much  greater  than  from  the  other,  as  Davy 
ascertained  * : he  observed,  too,  that  a piece  of  charcoal, 
in  contact  at  one  of  its  surfaces  wdth  water,  at  another 
with  nitric  acid,  shews  signs  of  electricity.  A galvanic  ar- 
rangement may  be  formed,  even  according  to  Volta,  with- 
out the  intervention  of  metal,  of  different  kinds  of  animal 
matter.  « 

The  effects  produced  by  the  action  of  ^ oltaic  Electri- 
city are  next  to  be  stated. 

In  compound  ai  rangements,  the  two  extremities  of  the 
series  are  in  opposite  electrical  states,  that  which  commen- 
ces with  the  more  oxidable  metal,  the  zinc,  is  positive,  and 
that  terminating  with  the  other  metal,  the  copper,  is  ne- 
gative, the  difference  being  greater  according  to  the  ex- 
tent of  the  series.  It  a communication  is  established  by 
a conductor,  as  a metallic  wire,  the  discharge  from  the  one 
extremiiy  to  the  other  takes  place  ; and  substances  placed 
at  the  point  of  contact  arc  acted  on  with  a force  propor- 
tional to  its  power. 
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The  power  thus  excited  passes  through  those  substan- 
ces which  are  conductors  of  electricity,  and,  in  general, 
with  the  same  differences  of  rapidity.  Hence  the  metals 
are  the  best  conductors  of  it ; the  power  of  chai  coal,  in 
this  respect,  is  somewhat  equivocal,  as  it  is  with  regard  to 
electricity ; some  pieces  conducting  imperfectly,  while  o- 
thers  are  more  perfect  in  conducting  power.  Plumbago 
is  a conductor.  Different  liquids,— water,  saline  solutions, 
and  others,  all  conduct  it  to  a certain  extent,  as  is  obvious 
from  their  forming  part  of  die  galvanic  circle  in  the  trough 
or  pile  ; but  ^till  they  conduct  it  less  readily  than  electrici- 
ty; and  substances  which  conduct  electricity,  as  the  dry  cu- 
ticle, are  scarcely  pervious  to  galvanism.  These  differences 
appear  to  arise  from  the  usual  low  state  of  intensity  of  vol- 
taic electricity,  and  are  not  observed,  therefore,  when  this 
intensity  is  sufficiently  raised.  Glass  is  a non-conductor. 

Though  the  effects  of  galvanism  on  the  living  system  are 
not  chemical,  yet,  as  connected  with  its  general  agency,  it 
may  be  remarked,  that  a sensation  similar,  though  not 
precisely  the  same  with  that  from  the  electrical  discharge, 
is  felt  when  the  two  extremities  of  the  battery,  or  conduc- 
tors connected  with  them,  are  touched  with  the  fingers 
wetted.  If  the  battery  is  weak,  it  extends  up  the  fingers  ; 
if  stronger,  it  is  felt  at  the  wrist,  or  even  to  the  shoulder, 
and  from  a very  powerful  battery  the  sensation  is  scarcely 
tolerable,  and  a sense  of  weakness  is  felt  in  the  arms  for  a 
number  of  hours.  Contractions  of  the  muscles  are  at  the 
same  time  excited. 

In  its  transition  from  one  conductor  to  another,  espe- 
cially when  the  conductor  is  an  imperfect  one,  galvanism 
produces  intense  light.  If  the  wire  issuing  from  one  ex- 
tremity of  the  trough  be  made  to  touch  the  wire  that  comes 
from  the  other,  at  the  moment  of  contact,  a spark  more  or 
less  vivid  is  excited.  If  the  wire  be  made  to  touch  a piece 
of  plumbago,  or  well- burnt  charcoal,  which  is  connected 
with  the  opposite  wire,  the  spark  is  more  vivid  ; and  if 
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each  of  the  wires  be  terminated  with  small-pointed  pieces 
of  well-prepared  charcoal,  on  bringing  them  into  contact, 
the  light  excited  is  the  most  intense  and  pure  which  we 
can  produce  by  any  artificial  arrangement ; if  the  trough 
is  a large  one,  innumerable  rays  dart  from  the  point  of 
contact,  and  continue  to  do  so  while  the  contact  is  preser- 
ved. This  galvanic  light  .seems  principally  to  arise  from 
the  accumulation  of  the  galvanic  electricity,  or  the  resto- 
ration of  the  electric  equilibrium  from  the  two  different 
states,  by  the  contact  of  imperfect  conductors.  It  does  not 
arise  from  combustion  ; for  it  is  attended  with  scarcely 
any  waste  of  the  metal  or  charcoal,  and  it  can  also  be  ex- 
cited, though  with  diminished  splendour,  under  water,  oil, 
alkohol,  and  other  fluids,  and  in  gases  not  capable  of  sup- 
porting combustion.  It  was  supposed  that  the  galvanic 
spark  cannot  be  exhibited  like  the  electric  spark,  when 
the  conductors  are  at  a sensible  distance,  but  that  the  light 
is  produced  only  when  they  are  in  contact.  When  a very 
powerful  battery,  however,  is  employed,  the  spark  can  be 
taken  at  a distance.  Mr  Children  having  placed  two  wires 
in  air  dried  by  potash,  found  a spark  appeared  when  they 
were  connected  with  a battery  of  1250  four  inch  plates, 
on  bringing  their  extremities  within  the  distance  of  of 
an  inch  ; and  a more  diffused,  but  very  vivid  light,  may  al- 
so be  produced  at  a considerably  greater  distance,  in  a 
rarefied  elastic  medium. 

Galvanic  electricity  may  also  be  applied  so  as  to  excite 
very  intense  heat.  The  communicating  wires  become  hot 
when  the  circuit  is  completed.  If  leaves  of  gold,  silver, 
copper,  tin,  and  other  metals,  be  suspended  horn  a wire 
connected  with  one  extremity  of  the  trough,  on  applying 
to  the  edges  of  them  a metallic  plate,  connected  by  a wire 
with  the  other  extremity,  such  a heat  is  excited  at  the 
point  of  contact  that  the  metals  enter  into  a vivid  defla- 
gration, with  the  emission  of  different  coloured  lights,  and 
they  are  found  to  have  suffered  that  chemical  change. 
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which  is  analogous  to  combustion.  Iron-wire  burns,  with 
the  emission  of  numerous  vivid  sparks.  The  inflammable 
gases  are  kindled  by  the  galvanic  spark  when  sufficiently 
strong,  if  they  are  in  contact  with  the  air ; or,  if  mixed 
with  oxygen,  they  explode  on  its  introduction.  The  heat 
excited,  independent  of  combustion,  is  shewn  by  placing 
a wire  in  water,  forming  a part  of  the  circuit,  when  the 
water  is  soon  made  to  boil.  The  metals  also,  iron  orpla- 
tina  wire  for  example,  can  be  ignited,  and  even  fused,  in- 
dependent of  their  combustion,  by  the  wire  being  stretch- 
ed between  two  rods,  connected  with  the  extremities  of 
the  battery.  By  the  powerful  battery  at  the  Royal  Insti- 
tution, consisting  of  2000  double  plates  of  four  inches 
square,  the  least  fusible  metals,  as  platina,  were  instantly 
melted,  and  the  most  infusible  earths,  and  earthy  mine- 
rals, as  argil,  zircon,  magnesia,  lime,  quartz,  8tc.,  were  fu- 
sed. By  a battery  constructed  by  Mr  Children,  of  plates, 
the  largest  that  have  been  used,  (each  plate  being  six  feet 
long  by  2|  feet  broad,  20  zinc  plates  being  inserted  in  se- 
parate cells,  with  wooden  partitions,  with  two  copperplates 
in  each  cell,  the  whole  connected  by  leaden  straps,  and 
excited  by  a mixture  of  sulphuric  and  nitric  acids  dilu- 
ted with  from  20  to  40  parts  of  water,)  5^  feet  of  platina 
wire  O.ll  inches  in  diameter  were  raised  to  a red  heat  vi- 
sible in  day  light,  and  8^  feet  of  platina  wire  0.044  inch  in 
diameter  suffered  the  same  change  : a bar  of  platina  2.25 
inches  long,  and  one-sixth  of  an  inch  square,  was  ignited 
throughout,  and  fused  at  the  extremity  ; some  of  the  most 
refractory  of  the  metallic  oxides,  as  those  of  tungsten, 
uranium,  titanium  and  cerium,  wore  fused,  and  oxide  of 
molybdena  was  fused  and  reduced ; iridium  was  melted, 
.and  iron  in  contact  with  diamond  was  converted  into  steel. 
The  effects  produced  by  voltaic  electricity  were  found,  by 
the  results  obtained  by  this  powerful  apparatus,  not  to  be 
directly  conformable  to  those  produced  by  the  direct  com- 
munication of  heat.  Thus  the  facility  and  extent  of  igni- 
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tion  were  very  different  in  the  different  metals,  a wire  of 
one  metal  being  ignited,  while  a wire  of  the  same  diame- 
ter of  another  metal  was  not  by  the  .same  discharge ; the 
order  in  facility  of  ignition  was  that  of  platina,  iron,  cop- 
per, gold,  zinc  and  silver,  a difference  which  Mr  Children 
supposed  to  arise  from  the  difference  of  conducting  power 
with  regard  to  electricity,  the  effect  of  ignition  being  in- 
versely as  the  conducting  power,  and  silver,  therefore,  ac- 
cording to  this  opinion,  being  the  best  conductor.  Too 
great  a resistance,  however,  to  the  transmission  may  op- 
pose the  effect,  and  to  this  probably  it  may  be  owing  that 
some  substances,  as  quartz,  ruby  and  sapphire  w'cre  not 
melted,  though  others  equally  refractory  from  heat  direct- 
ly applied,  as  molybdena,  were  easily  fused  *. 

No  satisfactory  theory  can  be  given  of  this  evolution  of 
heat  by  galvanic  action.  It  is  evidently  connected  with 
the  neutralization  of  the  two  opposite  electricities  by  the 
contact  of  the  wires  from  the  positive  and  negative  extre- 
mities of  the  battery,  and  the  consequent  restoration  of 
the  electric  equilibrium.  But  how  this  should  produce 
heat  is  not  apparent.  Whether  temperature  can  be  di- 
rectly elevated  by  electricity,  or  whether  the  transmission 
of  electricity  may  cause  a similar  transmission  of  caloric 
from  the  matter  composing  the  circuit  to  the  point  at 
which  the  discharge  is  effected,  cannot  be  determined. 
From  the  consideration  that  heat  is  thus  capable  of  being 
excited,  and  that  apparently  for  an  unlimited  time,  by  e- 
lectric  excitation,  it  has  been  supposed  that  the  heat  pro- 
duced in  chemical  action  may  arise  from  changes  induced 
in  the  state  of  electricity  connected  with  that  action.  But 
this  rests  on  assumptions  vague  and  uncertain,  and  the 
subject  admits  at  present  of  no  satisfactory  conclusion. 

The  most  important  agency  of  voltaic  electricity  is  that 
by  which  it  gives  rise  to  chemical  decomposition.  Of  all 
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the  forces  which  subvert  combination,  it  is  the  most  enei- 
getic  ; and  as  by  enlarging  the  apparatus  producing  it,  it 
may  be  accumul  ited  to  any  degree  of  intensity,  it  admits 
of  being  applied  in  a high  degree  of  power,  and  accord- 
ingly  decompositions  have  been  obtained  by  it,  which  have 
not  been  effected  in  any  other  mode. 

The  decomposition  of  compounds  by  the  action  of  this 
force  is  obtained  by  placing  the  body  submitted  to  it  in 
connection  with  one  extremity  of  the  voltaic  battery,  and 
applying  a metallic  wire  in  communication  with  the  <ither 
extremity.  The  elements  of  the  compound  are  separated, 
and  can  be  obtained  in  their  insulated  form.  It  platina 
w’ires,  for  example,  connected  with  the  two  extremities,  are 
placed  in  water,  the  elements  of  the  water  are  immediate- 
ly disjoined,  and,  as  they  are  gaseous  bodies,  assume  the 
elastic  form,  and  are  disengaged.  Other  compound  liquids 
are  decomposed  with  equal  facility;  and  even  solids,  when 
their  conducting  power  with  regard  to  electricity  is  fa- 
voured by  humidity,  and  a powerful  battery  is  employed, 
suffer  decomposition. 

These  decompositions  presented  considerable  difficulties 
with  regard  to  their  theory,  from  the  singular  phenome- 
non observed  in  them,  that  the  elements  of  the  compound 
decomposed  are  not  evolved  together,  but  that  one  is  evol- 
ved at  the  wire  connected  with  the  one  extremity  of  the 
battery,  and  the  other  at  the  wire  connected  with  the  op- 
posite side  ; and  this  even  when  the  wires  are  placed  in 
separate  portions  of  the  compound,  provided  these  are 
connected  by  a substance,  such  as  water,  which  is  a con- 
ductor of  galvanism,  and  capable  of  transmitting  the  ele- 
ments of  the  compound,  'lo  account  for  this,  as  applied 
to  particular  cases,  different  hypotheses  were  proposed. 
Cruickshank  suggested  the  opinion,  that  the  galvanic  in- 
fluence might  convey  the  principles  of  the  decomposed 
compound 'to  a distance,  so  as  that  they  should  appear  at 
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different  parts.  And  the  law  with  regard  to  this  was  more 
clearly  established  by  Berzelius  and  Grotthus. 

Ill  a series  of  experiments  by  Hisinger  and  Berzelius 
it  was  shewn,  that  a number  of  neutral  salts,  placed  in  the 
galvanic  circuit,  by  wires  connected  with  the  two  extremi- 
ties of  the  galvanic  battery  being  placed  in  their  solutions, 
suffer  decomposition,  as  had  been  indeed  before  known  ; 
and  that  when  wires  are  employed,  to  which  either  of  the 
elements  of  the  salt  have  an  attraction,  a combination  of 
this  element  with  the  matter  of  this  wire  is  formed  at  the 
one  side,  and  at  the  other  side  the  other  element  is  evol- 
ved pure  ; or  if  the  wires  were  of  a metal,  gold  for  exam- 
ple, to  which  these  elements  have  in  general  no  sensible 
affinity,  then  they  are  evolved  in  their  pure  form.  In  both 
cases,  it  was  observed,  that  the  acid  of  the  salt  was  col- 
lected at  the  positive  side,  and  its  base,  whether  alkali, 
earth  or  metallic  oxide,  was  found  at  the  negative  side. 
They  drew  from  the.se  experiments  the  general  conclu- 
sions, that  “ when  electricity  passes  through  a liquid,  the 
principles  of  that  liquid  separate,  so  that  some  are  collect- 
ed around  the  positive  pole,  the  others  around  the  nega- 
tive and  “ that  the  principles  which  collect  around  each 
pole  have  a certain  analogy;  combustible  bodies,  alkalis, 
and  earths  pass  to  the  negative  side ; oxygen,  acids  and 
oxidated  bodies  pass  to  the  positive.”  They  also  demon- 
strated the  exertion  of  the  force  by  which  these  effects  are 
produced  at  a distance,  and  the  consequent  transfer  of  mat- 
ter from  one  pole  to  the  other.  A syphon,  the  curvature  of 
which  was  perforated  to  allow  the  gases  to  escape,  and 
through  the  extremities  of  which,  iron  wires  were  insert- 
ed, was  filled  to  two-thirds,  on  one  side  with  a solution 
of  muriate  of  ammonia,  and  on  the  other  with  sulphate  of 
potash,  and  a communication  was  formed  between  these 
by  distilled  water ; at  the  end  .of  28  hours,  the  liquor  in 
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the  negative  side,  which  contained  the  sulphate  of  potash, 
had  become  alkaline,  and  contained  also  ammonia  5 while 
the  liquor  at  the  positive  side,  which  contained  at  first  on- 
ly muriate  of  ammonia,  now  contained  sulphuric  acid.  It 
appeared,  therefore,  that  the  salt  at  the  negative  side  had 
yielded  part  of  its  acid  to  the  salt  at  the  positive,  and  this 
again  had  yielded  part  of  its  alkali  to  the  other.  And 
these  portions  of  acid  and  alkali  had  of  course  been  con- 
veyed through  the  distilkd  water.  In  another  experi- 
ment, the  syphon  was  filled  on  the  one  side  with  muriate 
of  lime,  and  on  the  other  with  water  •,  the  acid  passed  to 
the  positive  side,  the  lime  to  the  negative  side. 

Grotthus  announced  a similar  principle,  as  affording  the 
explanation  of  the  decomposition  of  water  and  other  sub- 
stances by  galvanism, — that  the  one  pole  of  a galvanic 
series  attracts  certain  elements,  while  the  other  pole  attracts 
others,  oxygen  being  attracted  to  the  positive,  hydrogen 
and  metals  to  the  negative  side ; and  he  stated  a number  of 
facts  with  regard  to  these  decompositions,  to  elucidate  this 
principle  : Sulphuric  acid,  for  example,  deposites  sulphur, 
and  nitric  acid  becomes  nitrous,  at  the  negative  side, 
while  at  the  positive  they  appear  to  be  surcharged  with 
oxygen  ; and  if  the  positions  be  reversed,  they  return  to 
their  former  state.  Metallic  salts  become  more  highly 
oxygenated  at  the  one  pole,  and  less  so  at  the  other,  as  is 
very  well  shewn  among  other  examples  in  sulphate  ofiron, 
which  at  the  positive  side  passes  to  the  state  of  red  sul- 
phate, so  as  to  give  a deep  blue  precipitate  with  prussiate 
of  potash,  while  at  the  negative  side  it  gives  the  less  high- 
ly oxidated  precipitate  of  a greenish  white  colour  *. 

Sir  H.  Davy  gave  an  extensive  series  of  experiments, 
varied  with  much  ingenuity,  so  as  to  place  the  facts  con- 
nected with  these  decompositions  in  a striking  point  of 


* Annales  de  Chimie,  t.  Iviii,  p.  64,  or  Philosophical  Maga- 
zine, vol,  XXV,  p.  360. 
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view,  lie  employed  two  vessels  of  glass,  or,  as  being  less 
liable  to  be  acted  on,  of  agate,  or  of  gold,  connected  by  a 
few  fibres  of  the  mineral  substance  named  asbestos,  moisten- 
ed with  water,  placing  in  each  a solution  of  a compound 
salt,  and  inserting  in  the  one  a wire  from  the  positive  side 
of  a voltaic  battery,  and  a wire  from  the  negative  side  in  the 
other.  In  a short  time,  the  principles  of  the  salt  are  se- 
parated ; and  at  length  all  the  acid  is  collected  in  the  one 
vessel,  and  its  base  in  the  other ; each  being  conveyed  by 
the  medium  of  the  moistened  asbestos.  If  the  solution 
were  placed  in  one  vessel,  and  distilled  water  in  the  other, 
cither  the  acid,  or  the  base  of  the  salt,  might  be  transfer- 
red to  the  distilled  water,  accortling  as  it  wa?  connected 
with  the  positive  or  the  negative  side  of  the  galvanic  trough, 
the  acid  passing  to  it  if  it  was  connected  with  the  posi- 
tive side,  and  the  base,  if  with  the  negative  side.  In  this 
way,  even  metals  could  be  transferred,  as  silver,  from  ni- 
trate of  silver,  or  insoluble  earths,  as  magnesia,  from  sul- 
phate of  magnesia.  When  the  vessels  themselves  were 
composed  of  substances  susceptible  of  decomjiosition,  the 
same  separation  of  elements  was  ellected,  though  more 
slowly.  This  effect  was  obtained  fron?  cups  of  sulphate  of 
lime,  sulphate  of  barytes,  &c.  Even  glass  is  liable  to  this 
decomposition.  And  such  is  the  force  of  this  agent,  that 
the  most  minute  portion  of  a substance  thus  acted  on  by 
either  of  the  wires  is  collected  around  it, — a circumstance 
which  has  often  been  the  source  of  deception  in  galvanic 
experiments,  with  regard  to  the  apparent  formation  of 
new  products.  These  decompositions  are  also,  if  the  ac- 
tion is  continued  suftlciently  long,  always  complete. 

So  completely  is  the  matter  thus  conveyed  by  the  gal- 
vanic influence  protected  by  it,  that  it  may  be  transmitted 
through  a substance  to  which  it  has  a chemical  affinity, 
without  being  retained.  Thus,  if  instead  ot  two,  three 
vessels  are  connected,  a solution  of  a salt,  such  as  sulphate 
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of  potash,  being  placed  in  the  first,  with  the  negative  wire 
immersed  in  it,  in  the  middle  vessel  a solution  of  ammo- 
nia, a substance  having  a strong  attraction  to  sulphuric 
acid,  and  in  the  third,  water,  a wire  from  the  positive 
side  of  the  galvanic  battery  being  immersed  in  this  water, 
in  5 minutes,  when  a battery  ot  150  pairs  of  plates  was 
used,  acid  was  found  collecting  around  the  wire  in  the 
water ; it  had  therefore  passed  through  the  ammonia  with- 
out the  affinity  of  this  being  sufficient  to  arrest  it.  When 
the  disposition  was  reversed,  and  the  saline  solution  con- 
nected with  the  positive  side,  the  water  with  the  negative, 
and  an  acid  placed  in  the  middle,  the  alkaline  base  was 
conveyed  through  the  interposed  acid,  and  collected  in 
the  pure  water.  The  same  result  was  obtained  in  ope- 
rating on  a number  of  other  salts ; and,  in  fact,  this  is 
merely  prolonging  the  distance  at  which  the  forces  pro- 
ducing these  effects  are  exerted,  since,  if  the  first  attrac- 
tion— that  between  the  principles  of  the  salt,  could  be 
overcome  by  these,  the  other  affinity,  that  of  the  inter- 
posed liquid  to  the  conveyed  substance,  must  also  be  sus- 
pended. Where  a strong  force  of  cohesion,  however,  in- 
terfered, the  substance  was  intercepted  ; thus,  sulphuric 
acid  was  not  transmitted  through  solutions  of  barytes  or 
strontites ; nor  these  earths  through  sulphuric  acid. 

It  was  inferred  as  a general  expression  of  these  facts  by 
Sir  H.  Davy,  “ that  hydrogen,  the  alkaline  substances, 
the  metals,  and  certain  metallic  oxides,  are  attracted  by 
negatively  electrified  metallic  surfaces,  and  repelled  by  po- 
sitively electrified  metallic  surfaces ; and  contrary  wise,  that 
oxygen  and  acid  substances  are  attracted  by  positively 
electrified  metallic  surfaces,  and  repelled  by  negatively 
electrified  metallic  surfaces ; and  these  attractive  and  re- 
pulsive forces  are  sufficiently  energetic  to  destroy  or  sus- 
pend the  usual  operation  of  elective  affinity  _ The  more 


* Pliilosophical  Transactions  for  1807. 
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strict  expression  of  the  fact  is  that  which  had  been  stated  by 
Berzelius,  that  wiicn  electricity  passes  through  a li(juid, 
its  principles  separate,  so  that  some  are  collected  around 
the  positive  pole,  the  others  around  the  negative,  oxy- 
gen, acids,  and  oxidated  bodies  passing  to  the  positive, 
combustible  bodies,  alkalis,  and  earths,  passing  to  the  ne- 
gative. ' Whether  this  is  by  the  exertion  of  attraction,  or 
of  rej)ulsion,  or  of  both,  to  the  respective  elements  at  the 
several  poles,  is  a farther  question,  which  may  be  subject 
of  discussion,  and  which  cannot  be  considered  as  deter- 
mined with  any  certainty  *. 


* In  this  conveyance  of  the  elements  of  a compound  from 
one  distant  point  to  another,  there  is  less  difficulty  in  conceiv- 
ing of  the  effect  where  the  continuity  of  the  substance  acted 
on  is  preserved  between  the  two  wires,  or  where  a substance 
is  interposed  in  which  they  are  capable  of  being  diffused.  But 
it  has  been  affirmed,  that  when  the  two  portions  of  the  com- 
pound are  connected  so  as  to  complete  the  galvanic  circuit  by 
a solid  body,  which  it  cannot  be  supposed  that  the  elements  of 
the  compound  are  capable  of  penetrating,  as  a metallic  wire, 
the  usual  decompositions  are  effected.  Ritter,  in  particular, 
stated,  (Nicholson’s  Journal,  4to,  vol.  iv,  p.  .512,)  that  when 
portions  of  water  are  thus  put  in  separate  tubes,  the  wire  from 
the  positive  side  being  in  one  tube,  and  that  from  the  negative 
in  another,  on  establishing  a connection  between  the  water  in 
these  tubes  by  a metallic  arc,  the  usual  appearances  are  pre- 
sented, oxygen  is  evolved  at  the  positive  wire,  and  hydrogen 
at  the  other.  And  from  this  he  concluded,  that  as  these  sub- 
stances cannot  be  conveyed  through  the  metal,  the  results  must 
arise  merely  from  the  communication  of  electricity  to  the  dif- 
ferent portions  of  water  ; that  water,  therefore,  is  a simple  bo- 
dy, which  takes  the  forms  of  oxygen  and  hydrogen  according 
to  its  electrical  states. 

The  appearance  stated  by  Ritter  I found  is  a deception.  The 
connecting  wire  docs  not  merely  form  a medium  of  communi- 
cation, but  passes  into  an  electrical  state,  so  that  the  one  ex- 
tremity of  it,  that  opposed  to  the  negative  galvanic  wire  in  the 
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With  regard  to  the  mode  in  which  these  effects  are  pro- 
duced, there  is  some  uncertainty.  The  general  result  of 

one  tube,  becomes  positive,  and  the  other  extremity  opposed 
to  the  positive  galvanic  wire  becomes  negative  Hence  at 
these  the  same  actions  proceed  as  at  the  extremities  of  the 
galvanic  wires  : hydrogen,  for  example,  in  the  decomposition 
of  water,  being  given  out  at  the  extremity  of  the  connecting 
wire  opposite  to  the  wire  from  the  positive  side  of  the  galvanic 
battery  which  is  giving  out  oxygen,  and  oxygen  being  evolved 
at  the  other  extremity  of  this  connecting  wire  opposite  to  the 
negative  galvanic  wire  at  which  hydrogen  is  disengaged.  The 
same  thing  happens  in  the  decomposition  of  a neutral  salt.  If 
portions  ot  its  solution,  coloured  with  a blue  vegetable  infu- 
sion, be  put  in  separate  tubes  connected  by  a metallic  wire,  on 
placing  in  the  one  a wire  from  the  positive  side  of  a galvanic 
battery,  and  in  the  other  a wire  from  the  negative  side,  the  li- 
quor becomes  red  around  the  end  of  the  positive  wire,  from 
the  acid  of  the  salt  being  attracted  to  it,  but  it  also  becomes 
green  around  the  extremity  of  the  connecting  wire  in  that 
tube  ; and  again  it  becomes  green  around  the  negative  wire  in 
the  other  tube,  from  the  alkali  being  attracted  to  it,  but  it  be- 
comes red  also  at  the  extremity  of  the  connecting  wire  in  that 
tube.  The  portions  of  acid  and  of  alkali,  therefore,  correspond- 
ing to  those  which  are  attracted  to  the  positive  and  negative 
galvanic  wires,  are  merely  attracted  to  the  extremities  of  the 
connecting  wire,  these  extremities  being  in  states  of  electricity 
the  reverse  of  those  of  the  galvanic  wires  to  which  they  are  op- 
posed.  The  passing  of  the  connecting  wire  into  this  state  is 
an  example  of  electricity  by  induction  or  position,  it  is  known, 
that  if  an  insulated  wire  a be  in  one  electrical  state,  if  another 
wire  b be  opposed  to  it  in  the  same  position  at  some  distance, 
its  extremity  opposed  to  a will  pass  into  the  reverse  state. 
From  the  low  state  of  intensity  in  which  electricity  exists  in 
the  galvanic  apparatus,  water  is  a medium  with  regard  to  it 
nearly  as  atmospheric  air  is  to  electricity  in  its  common  form  : 
it  allows,  therefore,  of  this  state  of  electricity  by  induction  be- 
ing established  in  the  connecting  wire,  and  hence  the  actions 
which  are  exerted  at  its  two  extremities  corresponding  to  those 
of  the  positive  and  negative  galvanic  wires. 

VOL.  r.  2 o 
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dccoinposilion  lias  been  conceived  to  depend  on  different 
electrical  states  being  impressed  on  the  elements  of  the 
compound)  one  element)  in  all  caseS)  in  consetjuence  ot 
some  peculiar  relation  of  bodies  to  electricity)  being  dispo- 
sed to  assume  the  one  state,  the  other  the  other ; and  these 
states  being  assumed,  each  element,  in  conformity  to  the 
usual  laws  of  electric  attraction  and  repulsion,  that  bodies 
in  different  electrical  states  attract  and  in  the  same  electri- 
cal states  repel,  will  be  attracted  to  the  pole,  which  is  in  a 
different  electrical  state,  and  repelled  from  the  other.  1 he 
column  of  Volta,  it  was  observed  by  GroUhus,  is  an  elec- 
trical arrangement,  every  element  of  which,  that  is,  every 
pair  of  plates,  has  its  negative  and  positive  poles.  This 
suggests  the  idea  that  it  may  establish  a similar  polarity 
among  the  elementary  particles  of  water  submitted  to  its 
action.  If  a subversion  of  the  natural  electricity  of  the 
hydrogen  and  oxygen,  the  two  elements  of  water,  take 
place  in  such  a manner,  that  the  former  acquires  the  po- 
sitive and  the  latter  the  negative  state  ; it  follows,  that  the 
pole  which  is  negative  will  attract  the  hydrogen  by  reject- 
ing the  oxygen,  while  that  which  is  positive  will  attract  the 
oxygen  by  rejecting  the  hydrogen  ; each  therefore  is  act- 
ed on  by  an  attractive  and  by  a repulsive  force,  of  which, 
the  centres  of  action  are  reciprocally  opposite,  which  de- 
termine the  decomposition  of  the  water.  The  same  po- 
larity will  be  established  in  the  elementary  particles  of  any 
other  liquid  acted  on  by  the  same  forces,  and  give  rise  to 
similar  decompositions,  and  the  evolution  of  the  elements 
at  the  respective  poles  *. 

To  explain  the  mode  of  conveyance  of  the  elements, 
Grotthus  supposed  that  there  might  be  successive  decom- 
positions and  recompositions  of  the  compound  between  the 
two  poles ; in  water,  for  example,  the  particle  at  each  wire 


* Annales  de  Chimie,  t.  Iviii,  or  Philosophical  Magazine, 
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may  be  decomposed  ; the  one  element  may  be  disengaged, 
and  the  residual  element  may  attract  a corresponding  por- 
tion  of  the  other  from  the  next  particle,  and  thus  by  a se- 
ries ot  successive  decompositions  and  recompositions,  each 
may  be  brought  to  the  wire  to  which  it  is  attracted  and 
evolved.  It  is  also  possible  that  the  effect  may  be  produ- 
ced in  a more  simple  manner.  A particle  of  the  com- 
pound may  be  decomposed  at  each  wire,  and  the  element 
repelled  from  it  may,  by  this  repulsion,  and  the  corre- 
sponding attraction  at  the  opposite  wire,  be  brought  to  this 
wire.  Repulsion  and  attraction  are  exerted  in  common 
electricity  between  bodies  suspended  in  atmospheric  air  at 
considerable  distances;  and  from  the  low  state  of  tension 
in  which  electricity  exists  in  the  galvanic  apparatus,  wa- 
ter appears  to  be  as  imperfect  a conductor  with  regard  to 
it  as  atmospheric  air  is  to  electricity  in  its  common  form. 
It  may,  therefore,  allow  these  forces  to  operate  in  a simi- 
lar manner,  so  that  if  the  elements  of  the  compound  are 
separated  at  the  two  poles,  they  may  be  attracted  or  repel- 
led through  the  intervening  space  without  successive  com- 
binations and  decompositions. 

With  regard  to  the  principle,  that  the  subversion  of  the 
power  of  chemical  attraction,  and  the  consequent  decom- 
position of  bodies  by  galvanism,  is  owing  to  the  electrical 
states  communicated  to  their  elements,  in  consequence  of 
which  the  one  is  attracted  to  the  one  pole,  the  other  to  the 
other,  it  appears  at  first  view  probable ; there  exists  in- 
deed no  other  apparent  cause,  and  it  might  be  supposed  to 
be  almost  necessarily  inferred  from  the  phenomena.  Yet 
there  is  one  difficulty  with  regard  to  it.  Admitting  different 
bodies  to  receive  different  electrical  states,  this  must  strength- 
en their  mutual  attraction,  (bodies  in  different  electrical 
states  attracting  each  other,)  and  hence  must  resist  their 
separation.  To  obviate  this  it  has  been  supposed,  that  the 
communication  is  not  made  to  both  elements  but  to  one 
of  them ; but  there  is  an  obvious  improbability  in  such  a 
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supposition,  and  even  were  it  admitted,  it  would  follow,  as 
Mr  Donovan  has  justly  remarked,  that  from  one  of  tl>e 
wires  at  least,  that  which  is  in  the  same  electrical  state 
with  that  in  which  the  elements  of  the  compound  are,  both 
must  be  repelled,  while  they  will  both  be  attracted  to  the 
opposite  wire. 

To  obviate  the  difficulty,  it  is  only  necessary  to  suppose, 
that  while  the  elements  of  a compound  placed  in  the  vol- 
taic circuit  receive  the  different  electric  states,  one  becom- 
ing positive,  the  other  negative,  they  do  not  receive  these 
states  to  the  same  degree  of  intensity  as  that  which  exists 
at  the  galvanic  poles  ; and  that  this  is  the  case,  is  probable* 
from  the  consideration  that  the  compounds  decomposed 
by  galvanism  are  all  imperfect  conductors  compared  with 
the  metallic  surfaces  communicating  the  electric  states : 
there  must  therefore  be  some  accumulation  of  the  galvanic 
power  at  the  points  where  the  communication  takes  place, 
and  therefore  higher  states  of  electrical  intensity  will  be 
produced.  These  will  therefore  operate  with  more  powder, 
and  overcome  the  attraction  arising  from  the  difference  in 
the  electric  states  of  the  elements  of  the  compound,  and 
even  the  chemical  attraction  which  is  exerted  between 
them.  Their  separation  will  thus  be  produced,  and  each 
will  be  repelled  from  the  wire  which  is  in  the  electric  state, 
the  same  as  that  in  which  it  exists,  and  be  attracted  to  the 
other. 

It  has  also  been  supposed,  that  the  separation  of  the 
elements  of  a compound  under  galvanic  action  may  arise 
from  increase  of  temperature  at  the  respective  poles,  since 
the  discharge  of  electricity  from  one  body  to  another  is 
attended  with  this  effect ; and  that  in  consequence  of  the 
separation,  the  different  electrical  states  may  be  assumed, 
the  one  element  becoming  positive,  the  other  negative, 
whence  the  repulsion  of  each  from  the  pole  in  the  same 
state,  and  its  attraction  to  that  in  the  opposite  state  will 
take  place.  An  hypothesis  of  this  kind  was  proposed  by 
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Dr  Maycock  * ; but  its  leading  assumption,  that  the  de- 
composition arises  primarily  from  elevation  of  temperature, 
is  doubtful. 

From  the  influence  of  electric  attraction  and  repulsion 
in  producing  these  decompositions,  the  idea  has  even  been 
suggested,  that  chemical  attraction  may  be  a modification 
of  electrical  energy.  If  in  two  bodies,  the  particles  of  each 
are  in  different  electrical  states,  and  these  states  sufficient- 
ly exalted  to  give  them  an  attractive  force  superior  to  the 
power  of  aggregation,  a combination  between  them,  more 
or  less  intense,  may  be  formed.  From  different  degrees 
of  electrical  energy  in  two  bodies,  in  relation  to  a third, 
decompositions  by  what  is  called  elective  affinity  may  be 
produced  j or  there  may  be  such  a balance  of  attractive 
and  repellent  powers  as  to  produce  a ternary  compound. 
The  effect  of  heat  in  promoting  combination  or  decompo- 
sition may  often  depend  on  its  exciting  electrical  energy ; 
and  the  elevation  of  temperature,  and  production  of  light, 
so  frequently  attending  chemical  action,  may  depend  on 
the  changes  attending  the  electrical  states,  since  such  chan- 
ges are  accompanied  with  the  evolution  of  heat  and  light. 
This  view  of  the  subject  was  brought  forward  by  Sir  H. 
Davy  i‘,  w’ho,  in  support  of  it,  farther  stated  experiments, 
from  which  it  appeared,  that  bodies  which  combine  che- 
mically also  act  electrically:  they  acquire  different  states 
of  electricity  on  their  separation,  after  they  have  been  in 
contact  with  each  other.  Thus  sulphur  and  metals  after 
contact,  and  especially  when  heated,  exhibit  different  states 
of  electricity,  the  sulphur  being  positive,  the  metal  nega- 
tive. Dry  acids,  such  as  the  oxalic  and  boracic,  when 
touched  with  a plate  of  copper,  become  negative,  the  cop- 
per becoming  positive  ; on  the  contrary,  the  metal  bcr 
comes  negative  when  applied  to  the  earths,  and  the  eaith 
positive  f and  a dry  acid,  as  the  oxalic,  from  contact  with 


* Nicholson’s  Journal,  vol.  xxix,  p.  28. 
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a dry  eartli,  as  lime,  becomes  negative,  the  earth  becom- 
ing positive.  The  objections  to  this  hypothesis  by  Mr  Do- 
novan * and  Dr  Maycock  f,  are  ample  and  conclusive.  It 
cannot  be  assumed  that  bodies  are  naturally  in  different 
electrical  states,  the  uniform  tendency  is  to  the  state  of 
electric  equilibrium,  and  the  positive  and  negative  are  for- 
ced states  dependent  on  the  operation  of  external  causes. 
All  that  can  be  assumed  is,  that  bodies  may  be  peculiarly 
disposed  to  receive  these  states ; some  having  a tendency 
to  pass  into  the  one,  others  into  the  other,  if  they  are  sub- 
mitted to  operations  exciting  them,  an  assumption  insuf- 
ficient to  maintain  the  hypothesis,  since  it  requires  the  con- 
dition that  they  actually  are  in  such  states.  And  even 
if  this  were  granted,  they  must,  when  they  unite,  lose  this 
difference  of  state,  the  electric  equilibrium  be  established, 
and  their  mutual  attraction  cease,  so  that  no  permanent 
combination  could  be  formed.  Mr  Donovan  has  also 
shewn,  in  opposition  to  this  hypothesis,  that  bodies  in  op- 
posite states  of  electricity  do  not  combine  when  presented 
to  each  other,  and  that  bodies  in  similar  states  combine 
with  as  much  force  as  if  in  different  states  ; and  he  has 
added,  in  a late  publication  some  other  facts  and  argu- 
ments, and  some  just  observations,  in  reply  to  what  Sir 
H.  Davy  had  urged  in  support  of  his  opinions. 

Berzelius  has  advanced  views  similar  to  the  preceding, 
formiiig  what  he  has  called  the  electro-chemical  theory, 
founded  on  the  principle,  that  electrical  polarity  in  the  par- 
ticles of  bodies  is  the  force  on  which  their  chemical  affini- 
ties depend,  and  on  the  laws  supposed  to  be  inferred  from 
experiment,  that  all  bodies  in  which  the  changes  can  be 
observed  are  positive  with  regard  to  oxygen,  which  is  of 
course  itself  negative,  and  that,  in  relation  to  each  other, 
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of  two  bodies,  that  which  has  the  strongest  attraction  to 
oxygen  becomes  positive,  the  other  negative.  His  spe- 
culations on  this  subject  * are  not  less  vague  and  hypothe- 
tical, and  the  precise  nature  of  the  relation  ot  electrical 
energy  to  attraction,  and  of  its  operation  in  chemical  ac- 
tion, still  remain  problems  to  be  solved. 

A singular  and  important  fact  connected  with  the  che- 
mical changes  produced  in  bodies  by  galvanic  electricity, 
is  the  suspension  of  their  chemical  properties  when  they 
are  brought  into  electrical  states.  Thus  the  power  of  an 
acid,  it  has  already  been  remarked,  was  found  by  Davy 
not  to  be  displayed  in  reddening  the  colour  of  litmus  when 
transmitted  through  it  by  the  power  of  a galvanic  battery 
acting  in  the  decomposition  of  a compound  salt,  but  ap- 
peared only  when  it  was  collected  around  the  positive  wire. 
And  an  alkali  in  like  manner  did  not  exert  its  property  of 
changing  the  colour  in  its  progress  through  the  infusion, 
but  only  when  collected  at  the  negative  side. 

In  the  different  effects  which  arise  from  voltaic  electri- 
city—that  of  exciting  heat  and  light,  of  causing  chemical 
decomposition,  and  of  displaying  the  usual  electrical  phe- 
nomena, a peculiar  relation  with  regard  to  each  exists  in 
the  construction  of  the  voltaic  arrangement.  That  the 
power  of  the  apparatus  should  increase  with  the  number 
of  plates  is  what  is  to  be  expected,  and,  accordingly,  this 
increase  of  power  was  found  by  Messrs  Wilkinson  and 
Cuthbertson,  and  by  Mr  Singer,  to  be  in  direct  propor- 
tion to  the  number  of  plates  employed  ; so  that  if  a given 
number  produce  a certain  degree  of  effect,  twice  the  num- 
ber produce  twice  the  effect  f . It  may  ako  be  expected, 
that  an  enlargement  of  the  surface  will  increase  the  effect; 


• Memoir,  Journal  de  Physique,  t.  Ixxxiii;  or  Abstract  of 
it,  Nicholson’s  Journal,  vol.  xxxiv. 
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and  this  is  the  case  to  a certain  extent.  A singular  fact, 
however,  was  discovered  by  Thenard,  Fourcroy  and  Vau- 
quelin,  that  an  increase  in  the  number  of  plates,  without 
a proportional  increase  in  their  surface,  does  not  augment 
equally  all  the  effects ; but  that  a different  law  is  followed 
in  the  increase  of  the  power  of  igniting  the  metals,  and  in 
that  of  giving  the  shock  to  animals,  or  decomposing  chemi- 
cal compounds.  The  power  of  igniting  the  metals  depends 
principally  on  surface  ; so  that  a few  large  plates,  as  twelve 
of  12  or  20  inches  square,  cause  them  to  burn  with  the 
greatest  brilliancy ; while  the  same  plates,  divided  into  18, 
produce  an  inconsiderable  effect.  On  the  other  hand,  the 
power  of  giving  the  shock,  and  of  producing  chemical  de- 
compositions, is  rather  dependent  on  number  ; the  twelve 
large  plates  give  a feeble  sensation,  or  decompose  water 
slowly ; while,  if  cut  down  so  as  to  form  an  arrangement 
consisting  of  40  or  50  small  plates,  their  powers  with  re- 
gard to  these  effects  are  greatly  enlarged  *.  This  result 
has  been  confirmed  by  subsequent  researches.  Mr  Chil- 
dren constructed  a battery  of  20  pairs  of  plates  of  zinc 
and  copper,  each  plate  being  four  feet  high  by  two  feet 
broad.  Ihis  charged  with  a mixture  of  nitrous  and  sul- 
phmic  acid  diluted  with  water,  produced  a heat  so  intense 
as  to  fuse  18  inches  of  platina  wire  of  an  inch  diame- 
ter*, but  It  was  feeble  in  producing  chemical  decomposition, 
and  gave  no  sensible  shock.  He  next  employed  a battery 
of  200  pairs  of  plates  each  two  inches  square ; and  with 
this,  compounds  the  most  difficult  of  decomposition  were 
readily  decomposed  f. 

From  these  facts  it  has  been  stated  in  general  terms,  that 
the  power  of  igniting  the  metals  is  in  the  ratio  of  s -face 
affording  galvanic  electricity,  while  the  other  effects  are 
ill  proportion  to  the  number  of  plates.  Ritter  investiga- 


* Journal  de  I’EcoIe  Polytechnique,  tom.  iv,  p.  291. 
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ted  the  subject  with  more  precision,  and  his  results,  if  ac- 
curate, are  important. 

“ A.  H6  constructed  a pile  with  1000  plates  of  copper, 
zinc,  and  pasteboard  moistened  with  a solution  ol  common 
salt  in  a decoction  of  litmus  and  galls,  this  conducting 
better  than  a simple  solution  of  common  salt.  He  divid- 
ed these  into  ten  columns,  and  connected  them,  in  the 
usual  way,  into  a single  pile.  He  hung  on  the  upper 
plate  (which  was  zinc)  a leaf  of  gold,  and  began  by  includ- 
ing 100,  then  200,  and  300  plates  in  the  conducting  cir- 
cle. The  maximum  of  combustion  he  determined  by 
the  magnitude  of  the  perforation  which  the  blunt  extremi- 
ty of  an  iron  wire  from  the  negative  side  burnt  in  gold- 
leaf  attached  to  the  plus  side.  This  maximum,  he  found 
to  be  between  the  200  and  300  plates  ; beyond  these  the 
spark,  to  external  appearance,  for  some  time  seemed  great- 
er, but  it  continued  to  lose  its  energy,  until  all  the  1000 
plates  taken  together  scarce  yielded  a trace  of  true  com- 
bustion, and  the  effect  of  the  spark  on  the  gold-leaf  ap- 
peared to  be  only  mechanical. 

“ The  cheinical  effect^  which  was  determined  by  the 
quantity  of  gas  evolved  from  the  decomposition  of  water, 
increased  from  100  plates,  pile  for  pile,  and  usually  at  600 
plates  reached  its  maximum  ; 700  or  800  plates  operated 
more  weakly,  and  all  the  1000  plates  considerably  weaker 
than  the  400. 

With  respect  to  the  shocJcy  its  energy  increased  to  1000, 
and  then  it  required  a strong  resolution  to  overcome  the 
feeling,  so  that  its  maximum,  with  the  above  arrangement, 
seemed  to  be  beyond  1000.  From  piles  of  1500  plates, 
the  shock  was  insupportable  •,  but  still  no  maximum  could 
be  observed. 

“ B.  He  erected  a pile  of  the  same  magnitude,  with  a 
simple  solution  of  sea- salt.  He  louiul  the  maximum  of 
‘combustion  at  the  200th  plate.  The  maximum  of  Uie  che- 
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mical  effect  was  at  500  : 1000  was  not  more  powerful  than 
300.  No  maximum  of  the  shock  was  observable. 

C.  With  a pile  of  2000  plates  oi  copper,  zinc,  and  cold 
concentrated  solution  of  sal-ammoniac,  the  spark  had  its 
greatest  energy  between  600  and  800  plates,  and  from  this 
began  again  to  diminish.  The  maximum  of  chemical  action 
was  not  to  be  observed  within  2000  plates.  It  was  supposed 
to  be  at  4000  or  6000  plates.  No  maximum  of  the  shock 
was  observed.  It  w^as  impossible,  even  when  the  hands 
were  dry,  to  bear  the  shock  of  2000  plates. 

“ Z).  With  a pile  of  1000  plates,  the  pasteboard  being 
moistened  with  well-water,  a maximum  of  the  spark  was 
not  accurately  discoverable,  but  was  supposed  to  be  at  100 ; 
the  maximum  of  chemical  effect  was  above  100  plates;  the 
maximum  of  the  shock  between  600  and  700  ; at  iOOO  the 
sensation  was  weaker.  If  the  hands  were  wetted  with  a so- 
lution of  common  salt,  the  maximum  of  sensation  was  be- 
tween 500  and  600;  or  with  a solution  of  sal-ammoniac, 
between  300  and  400 

It  thus  appears,  that  in  the  production  of  all  these  ef- 
fects, a peculiar  relation  exists  with  regard  to  the  extent, 
and  the  repetition  of  metallic  surface  in  a voltaic  series. 
The  power  of  affecting  the  living  system  is  dependent 
chiefly  on  repetition,  that  is,  on  the  number  of  metallic 
plates,  so  that  increasing  the  number  adds  to  this  effect  j 
that  of  producing  ignition  or  combustion  depends  prin- 
cipally on  surface,  so  that  increasing  the  number  without 
increasing  the  surface  is  soon  attended  with  a diminution 
of  energy.  The  power  of  producing  chemical  decompo- 
sitions is  in  relation  to  number  and  surface  intermediate 
between  these.  But  in  all  of  them,  a certain  proportion 
between  number  and  surface  gives  the  maximum,  and  in- 
creasing either  indefinitely  is  accompanied  by  a diminu- 
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tion  of  power.  If  both  be  increased,  preserving  the  pro- 
per proportions,  the  power  may  probably  be  indefinitely 
increased. 

The  theory  of  these  dilferences  probably  is,  that  a pe- 
culiar state  of  intensity  ot  galvanism  is  required  for  the 
production  of  each  of  these  effects.  The  quantity  of  elec- 
tricity generated  in  the  apparatus  will  be  proportional  to 
the  surface  acted  on,  but  its  state  of  intensity  is  produced 
by  its  accumulation,  and  will  therefore  be  regulated  by  the 
quantity  of  imperfect  conducting,  compared  with  perfect 
conducting  matter  in  the  arrangement.  The  liquid  inter- 
posed between  the  metallic  plates  is  the  less  perfect  con- 
ducting matter  : the  repetition,  therefore,  of  the  metallic 
plates,  the  absolute  surface  remaining  the  same,  forms  an 
arrangement  in  which  the  imperfect  conducting  matter  is 
most  abundant,  in  which  there  is  the  greatest  resistance  to 
the  evolution  of  the  electric  force,  and  in  which  therefore 
it  will  acquire  the  highest  state  of  intensity.  Now,  a con- 
siderable intensity  is  requisite  to  enable  the  electricity  to 
penetrate  the  animal  membrane,  which  it  must  do  to  ex- 
cite sensations  or  contractions,  this  membrane  being  an 
imperfect  conductor.  At  a lower  intensity,  it  will  penetrate 
liquids,  and  act  in  decomposing  them,  observing  a certain 
ratio  with  regard  to  this,  according  to  the  conducting 
power  of  the  liquid  ; the  less  perfect  the  conducting  pro- 
perty is,  the  effect  in  producing  decomposition  being  more 
dependent  on  number.  And  metals  are  conductors  so  per- 
fect, that  in  the  lowest  state  of  intensity  it  will  penetrate 
them  ; the  repetition  therefore  in  the  galvanic  apparatus 
is  less  requisite;  and  the  effects  will  be  in  a great  measure 
proportional  to  the  quantity  generated.  Hence  the  cause 
of  the  peculiar  relations  of  number  and  surface  to  those 
different  effects  ; the  extent  of  surface  giving  quantity,  and 
the  repetition  of  surface  in  the  series  or  number  increasing 
the  intensity  of  power.  In  conformity  to  this,  it  was  found 
by  Van  Marum,  that  the  intensity  of  the  galvanic  power 
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from  a given  number  of  plates  is  the  same,  whatever  may 
be  their  size,  though  the  quantity  must  be  different.  And 
Mr  Children  found,  that  electrical  intensity  was  so  low  in  a 
battery  of  large  })lates,  that  the  gold  leaves  of  the  electro- 
meter were  not  affected,  while  the  battery  with  small 
plates  caused  cgnsidej  able  divergence ; and  in  a battery  of 
still  larger  plates,  which  excited  the  most  intense  heat,  no 
charge  could  be  communicated  from  it,  in  its  most  active 
state,  to  the  Leyden  phial. 

The  state  ot  electrical  intensity  in  the  voltaic  appara- 
tus must  also  be  varied,  (the  plates  being  the  same  in  num- 
ber and  size,)  according  to  the  liquid  interposed  between 
them,  those  liquids  which  are  less  perfect  conductors  being 
favourable  to  its  accumulation,  though  by  retarding  its 
discharge  they  may  be  least  fit  to  promote  its  chemi- 
cal action.  This  is  accordingly  the  case  : A battery  of 
24  plates,  of  a certain  size,  it  is  observed  by  Gay-Lus- 
^sac  and  Thenard  *,  will,  when  excited  by  an  acid,  decom- 
pose potash,  a proof  of  its  great  chemical  energy  ; while  a 
battery  even  of  600  plates  will  not  be  sufficient  for  this,  if 
excited  only  by  water,  or  even  by  a solution  of  sulphate  of 
soda,  though  the  latter  will  be  in  a higher  state  of  electri- 
cal tension  than  the  former.  And  as  acids  are  better  con- 
ductors than  neutral  saline  solutions,  while  these  are  supe- 
rior to  pure  water,  tlicse  diflcrences  may  be  ascribed  to 
this  difference  in  conducting  power.  Dilfci’cnt  liquids  dif- 
fer much,  therefore,  in  producing  fi-qm  a galvanic  battery 
the  different  effects.  When  charged  witli  an  acid,  more 
or  less  diluted,  it  is  extremely  powerful  in  producing  heat 
and  light  i but  its  power  of  decomposing  water  and  of  gi- 
ving the  shock  is  not  proportionally  gveat.  The  last  power 
seems  to  be  nearly  equally  produced,  when  the  battery  is 
charged  with  a solution  of  a neutral  salt.  And  from  the 
experiments  of  Gay-Lussac  and  Thenard,  it  appears,  that 
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though  the  decomposition  of  water  is  effected  more  power- 
fully with  a diluted  acid  than  with  a solution  of  a neutral 
salt,  yet  the  power  of  the  battery  in  this  respect  is  greater 
when  these  are  combined,  when  along  with  the  acid  a 
quantity  of  salt  is  dissolved  in  the  water. 

On  the  same  principle  is  to  be  explained  the  fact,  that  the 
facility  of  being  acted  on  in  a body  subjected  to  galvanic 
action  is  much  dependent  on  its  conducting  power.  This 
is  shewn  with  regard  to  water.  When  the  wires  from  a 
galvanic  battery  are  immersed  in  it,  the  disengagement  of 
gas  from  the  decomposition  of  the  water  is  more  abundant 
when  the  water  holds  dissolved  a little  saline  matter,  and 
still  more  when  it  is  acidulated  than  when  it  is  pure ; this 
impregnation  adding  to  its  conducting  power,  and  favour- 
in  therefore  the  communication  of  the  electrical  energies 
from  the  wires.  In  water  entirely  free  from  saline  matter, 
the  decomposition  is  extremely  slow.  And  when  the  sub- 
stance to  be  decomposed  is  an  impel  feet  conductoi,  a bat- 
tery composed  of  a large  number  of  plates  will  be  more 
powerful  in  producing  the  effect  than  one  of  a smaller  num- 
ber of  larger  size,  while,  if  it  is  a better  conductor,  a bat- 
tery of  the  latter  kind  may  decompose  it  with  nearly  as 
much  fecility  as  the  former.  In  Mr  Children’s  battery  of 
large  plates,  though  the  most  refractory  metals  were  fused, 
otlmr  substances  less  powerful  conductors,  such  as  some  of 
the  earths,  were  not  melted,  while  they  were  melted  by 
the  powerful  battery  of  the  Royal  Institution,  which  con- 
sists of  a greater  number  of  plates  of  smaller  size. 

A singular  voltaic  arrangement,  the  operation  of  which 
probably  depends  on  the  same  principle,  has  been  con- 
structed by  De  Luc  *,  in  which  there  appears  to  be  an 
entire  separation  of  electrical  and  chemical  powcis  ; at 
least  while  the  former  are  considerable,  the  latter  are  not 
sensibly  exerted.  It  consists  of  discs  of  zinc  and  fine  tin 
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or  copper  foil,  with  paper  interposed  between  each  pair  of 
plates,  or,  what  succeeds  better,  paper  coated  with  copper 
leaf,  (Dutch  gilt  paper,)  applied  to  zinc.  This  instrument, 
the  Electric  Column  as  it  has  been  named,  very  sensibly 
affects  the  electrometer,  and  charges  a jar.  But  it  does  not 
decompose  water,  nor  produce  any  chemical  effect  what- 
ever. Mr  Singer  constructed  it  with  some  important 
modifications,  introducing  in  particular  two  discs  of  pa- 
per between  each  pair  of  metals.  A series  of  1000  pairs 
of  plates  thus  constructed,  each  having  a diameter  of  five- 
eighths  ot  an  inch,  causes  the  gold  leaves  in  an  electrome- 
ter to  diverge  at  intervals  of  a second  or  two,  and  gives  a 
charge  to  a Leyden  phial  capable  of  exhibiting  a spark. 
Twenty  of  these  columns  being  connected,  constituting  a 
series  of  20,000  pairs  of  silver  and  zinc,  the  power  was 
such  as  to  affect  pith* ball  electrometers,  causing  them  to 
diverge  one  or  two  inches;  on  bringing  wires  from  the  ex- 
tremities, sparks  were  exhibited,  a coated  jar  instantly  re- 
ceived a charge,  and  in  ten  minutes  became  so  powerful 
as  to  give  a strong  shock.  But  even  in  this  state  of  acti- 
vity it  did  not  cause  decomposition  in  any  saline  com- 
pound, or  give  any  indication  of  any  other  chemical  ef- 
fect. Zamboni  constructed  a similar  arrangement  in  a 
different  form,  employing  discs  of  silvered  paper  with  a 
thin  layer  of  oil  or  a solution  of  honey  and  black  ox- 
ide of  manganese,  coating  the  column  with  melted  sul- 
phur, and  inclosing  the  whole  in  a glass  tube  hermeti- 
cally closed.  Electricity  is  constantly  generated  in  this 
apparatus.  It  continues  its  operation  for  a number  of 
weeks,  and  has  even  remained  active  for  tw'o  or  three  years, 
and  by  the  movement  it  communicates  has  been  made  to 
keep  a pendulum  in  motion,  or  to  strike  a chime  of  bells. 
The  theory  of  the  instrument  is  not  well  understood. 
Electricity  seems  to  be  generated  in  it  in  small  quantity, 
but  is  brought  to  a high  state  of  intensity,  and  its  pecu- 
liarity consists  in  the  movement  of  electricity  through  the 
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series  being  much  less  rapid  than  in  the  common  voltaic 
arrangements.  Though  apparently  free  from  all  liquid, 
it  has  been  supposed  that  its  elFect  depends  on  the  hygro- 
metric  action  of  the  paper  discs  ; hence  it  has  been  af- 
firmed to  be  affected  by  the  hygrometric  state  of  the  at- 
mosphere : it  has  also  been  stated  to  be  affected  by  tem- 
perature, and  by  the  oxygen  of  the  air  ; while  all  these  re- 
sults have  been  denied  by  others 

It  remains  to  consider  the  theory  of  the  production  of 
Galvanism  ; and  the  first  question  that  occurs  with  regard 
to  this  is,  What  is  the  nature  of  this  power  ? Is  it  the  same 
with  electricity  ? 

In  their  properties  they  have  a near  resemblance.  They 
act  in  a similar  manner  on  the  living  system,  producing  sen- 
sation and  muscular  contraction.  Galvanism  in  its  tran- 
sition from  one  matter  to  another  is  like  electricity  high- 
ly luminous ; like  it,  too,  it  produces  intense  heat,  and  is 
thus  a powerful  agent  in  occasioning  chemical  combina- 
tion and  decomposition.  The  conductors  of  the  one  are 
in  general  conductors  of  the  other,  while  substances  which 
refuse  a passage  to  electricity  are  impervious  to  galvanism. 
Their  connection  is  still  more  intimate.  Volta  observed, 
that  on  applying  two  metals  to  each  other,  an  arrange- 
ment from  which  galvanism  is  produced,  the  one  becomes 
positive  with  regard  to  electricity,  the  other  negative.  Af- 
ter the  invention  of  the  pile  he  found  that  its  two  extremi- 
ties are  in  different  electrical  states — that  connected  with 
the  more  oxidable  metal  of  the  arrangement, — the  zinc  in 
the  one  generally  employed  being  that  with  the  other 
minus ; the  electrometer  by  contact  with  a w'ire  connect- 
ed with  either  extremity  is  affected,  the  effect  of  positive 
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electricity  being  communicated  from  the  one,  negative  C- 
lectricity  from  the  other.  A weak  electrical  charge  can  even 
be  given  to  a coated  jar,  or  to  an  entire  battery,  by  forming 
a connection  with  the  extre  niiy  of  a galvanic  pile.  Volta 
found,  that  not  only  a Leyden  phial,  but  a large  battery,  may 
be  charged  in  the  twentieth  part  of  a second,  and  nearly  to 
the  same  intensity  as  in  the  pile  itself;  and  that  such  a char- 
ged battery  gives  sensible  shocks  *.  Van  Marum  and  Pfaff 
made  the  experiment  on  twenty-five  jars,  which  they  char- 
ged first  separately,  then  a few  at  a time,  and  lastly  all  to- 
gether. When  the  zinc  was  at  the  top  of  the  pile,  and 
the  wire  from  it  connected  with  the  inside  of  the  jar,  the 
electricity  of  the  inside  was  positive  ; and  they  found,  that 
the  single  jars  or  the  batteries  were  charged  to  the  same 
degree  of  intensity  as  the  pile  or  portion  of  the  pile  which 
they  employed.  The  shock  communicated  from  the  charge 
made  from  twenty  pairs  of  plates  was  inconsiderable  ; that 
from  forty  was  felt  at  the  wrists,  and  from  sixty  at  the  el- 
bows. On  comparing  with  these  the  effects  of  the  com- 
mon electrical  machine,  consisting  of  a plate  of  glass  31 
inches  in  diameter  ; it  appeared  that  a single  momentary 
contact  of  the  conductor  did  not  give  a charge  to  the  bat- 
tery, capable  of  being  discovered  by  the  electrometer ; six 
of  these  contacts  gave  a charge-  of  the  same  intensity  as 
that  from  one  contact  of  the  pile.  The  shocks  given  by  the 
battery,  from  contact  with  the  pile,  and  contact  with  the 
machine,  were  perfectly  alike,  provided  the  intensities  wero 
the  same  f . 

The  differences  which  have  been  observed  between  elec- 
tricity and  galvanism,  are  principally  that  the  galvanic 
power  does  not  penetrate  imperfect  conductors,  as  the  skin, 
charcoal,  water,  and  other  liquids  so  easily  ; and  hence  the 


* Nicholson’s  Journal,  8vo,  vol.  i,  p.  14-0. 
t Memoir  of  Van  Marum,  Nicholson’s  Journal,  8vo,  vol.  i, 
p.  173. 
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galvanic  apparatus  does  not  require  such  perfect  insulation 
as  the  electrical ; and  that  its  chemical  action  is  more  ener- 
getic, compared  with  its  electrical  energy,  than  in  electrici- 
ty evolved  by  friction.  These  differences  are  accounted 
for,  as  was  suggested  by  Mr  Nicholson  on  the  principle 
that  galvanism  is  electricity  in  a stream  of  great  tenuity, 
while  electricity  from  friction  is  more  concentrated,  and  is 
discharged  in  successive  quantities.  That  galvanism,  if  it 
be  electrical,  should  be  in  such  a state,  seems  to  follow 
from  the  nature  of  the  arrangement  by  which  it  is  genera- 
ted, which,  consisting  of  a series  of  conductors,  it  is  little 
accumulated,  but  must  be  conveyed  as  rapidly  nearly  as  it 
is  produced;  while,  from  the  nature  of  the  electrical  ap- 
paratus, this  does  not  happen,  the  conducting  power  of 
the  glass  evolving  it  from  friction  being  so  inconsiderable. 
That  galvanism  does  exist  in  this  state  of  low  intensity, 
appears  from  the  spark  from  conductors  of  a galvanic  bat- 
tery being  so  small,  and  unable  to  overcome  the  resistance 
of  the  air,  if  the  points  of  the  conductors  be  at  a very  small 
distance.  And  this,  as  well  as  the  rapidity  of  its  evolu- 
tion, are  established  with  still  more  certainty  by  Van  Ma- 
rum’s  experiments,  in  which  a charge  of  a battery  of  137 
square  feet  of  coated  surface,  of  as  high  intensity  as  could 
be  communicated  by  a pile  of  20(,)  pairs,  was  made  by  a 
single  contact,  while,  to  give  a charge  of  the  same  inten- 
sity from  the  most  powerful  electrical  machine  perhaps  in 
Europe,  required  the  momentary  contact  to  be  repeated 
six  times.  It  is  farther  found,  that  when  arranojements 
are  formed  which  produce  a stream  of  electricity  in  con- 
stant evolution,  its  effects  are  similar  to  those  of  galvanism. 
The  experiment  with  this  result  was  first  made  by  Dr 
Wollaston.  A silver  wire,  of  ioch  in  diameter, 
was  coated  with  sealing-wax,  and  cut  through  the  middle, 
so  as  to  expose  a section  of  the  wire : on  immersing  the 
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coated  extremities  of  these  two  portions  of  wire  at  of 
an  inch  distance  from  each  other,  in  a solution  of  sulphate 
of  copper,  and  placing  them  in  the  circuit  of  a common 
electrical  machine  in  action,  the  wire  on  the  negative  side 
had  a precipitate  of  copper  formed  on  its  surface;  an  effect 
the  same  with  that  which  wouhl  have  happened  in  the  same 
solution  at  the  negative  wire  of  the  galvanic  battery.  On 
reversing  the  direction  of  the  current  as  to  these  wires,  the 
copper  was  re-dissolved  by  the  power  of  the  wire,  now  ren- 
dered positive,  while  at  the  other,  now  negative,  a similar 
precipitate  of  copper  was  formed.  Other  effects  similar  to 
those  of  galvanism  were  obtained  Sir  H.  Davy  em- 
ploying a similar  arrangement,  found,  that  in  placing  the 
wires  in  connection  with  the  electrical  machine  in  action, 
in  separate  portions  of  sulphate  of  potash,  the  vessels  be- 
ing connected  by  moist  asbestos,  potash  appeared  in  less 
than  two  hours  around  the  negatively  electrihed  point,  and 
sulphuric  acid  around  the  positive  point.  On  the  other 
hand,  from  powerful  galvanic  batteries  the  spark  can  be 
taken  at  a considerable  distance,  the  shock  is  communica- 
ted to  the  dry  hand,  and  through  a chain  of  persons;  and 
very  perfect  insulation  is  required,  circumstances  all  of 
which  appear  to  prove  the  identity  of  the  two  powers. 

Mr  Donovan  has  more  lately  maintained  the  opinion  -j- 
that  electricity  is  not  the  cause  of  galvanic  phenomena, — 
that  though  usually  evolved  in  galvanic  arrangements,  it 
has  only  a very  subordinate  share  in  the  effects.  From 
an  extensive  series  of  experiments,  he  has  established  as 
general  conclusions,  that  the  sensations  and  muscular  con- 
tractions produced  by  galvanism  arc  not  the  consequences 
of  electrical  action,  the  two  being  in  no  proportion  to  each 
other, — that  the  heat  and  light,  produced  on  completing 
the  galvanic  circuit,  are  equally  independent  of  any  elec- 


* Philosophical  Transactions  for  1801,  p.  429. 
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trical  effect,  and  that  the  chemical  changes  produced  by 
galvanism  have  in  like  manner  no  relation  to  the  electric 
excitation,  but  are  powerful  when  it  is  weak  ; and,  on  the 
other  hand,  are  not  present  when  it  exists  in  a high  de- 
gree. He  farther  remarks,  that  in  no  case  are  any  of 
these  effects  produced,  but  when  chemical  action  is  going 
forward  in  the  component  parts  of  a galvanic  series  ; and 
hence  he  has  inferred,  that  they  all  arise  from  chemical 
action.  The  chemical  attraction  possessed  by  bodies  is 
capable,  he  supposes,  of  being  transferred  from  one  body 
to  another,  in  a manner  somewhat  similar  to  the  transfer 
of  some  other  attractive  forces.  Of  two  bodies  between 
which  such  a transfer  is  made,  one  will  lose  its  energy  of 
action,  the  other  will  gain  it.  If  two  metals  are  in  con- 
tact, he  finds  reason  to  infer  from  experiment,  that  one 
acquires  an  increased  power  of  attraction  to  oxygen  and 
acids,  the  other  loses  proportionally  this  power ; but  it 
gains  an  attraction  for  hydrogen,  for  alkalis,  earths  and 
other  metals.  On  this  principle  may  obviously  be  explain- 
ed the  chemical  decompositions  produced  by  a galvanic  se- 
ries : the  electricity  produced,  he  considers  as  equally  the 
effect  of  the  transferred  affinities  in  the  metals  composing 
the  series,  one  kind  of  electricity  being  connected  with 
certain  affinities,  the  other  with  others : the  exertion  of 
affinity  being  usually  accompanied,  where  it  is  intense,  with 
the  evolution  of  heat  and  light,  the  transfer  of  it  may  give 
rise  to  the  same  effects : and,  lastly,  sentient  and  irritable 
ortrans  beins  sensible  to  the  action  of  chemical  stimuli, 
the  sensations  and  contractions  produced  by  galvanism 
may,  he  supposes,  arise  from  transferred  chemical  action. 
These  opinions,  distinguished  by  their  novelty,  Mr  Do- 
novan supports  with  much  ingenuity.  Their  probability, 
and  the  validity  of  the  experimental  results  on  which  they 
rest,  remain  subjects  of  farther  investigation. 
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On  the  principle  that  electricity  and  galvanism  are  the 
same  power,  there  remains  to  be  determined  by  what  cause 
is  it  evolved  in  galvanic  arrangements. 

The  lacts  with  regard  to  the  electric  state  of  the  vol- 
taic series  are,  that  its  two  extremities,  while  unconnected, 
arc  in  the  opposite  states ; the  zinc  positive ; the  copper 
negative  j the  two  middle  plates  are  neutral,  and  the  li- 
quid sufters  little  change.  On  connecting  the  extremi- 
ties, the  interposed  liquid,  or  rather  the  saline  compounds 
it  contains,  suffer  decomposition  ; and  the  elements  are  at- 
tracted to  the  different  plates  ; each  zinc  plate  through  the 
series  is  positive;  hence  the  oxygen  and  acid  of  the  liquor 
pass  to  the  zinc  surface,  each  copper-plate  is  negative,  and 
the  hydrogen  and  alkaline  matter  pass  to  it.  The  dis- 
charge at  the  two  extremities  proceeds ; and  this  conti- 
nues until  the  composition  of  the  fluid  is  so  far  altered, 
that  it  exerts  no  farther  chemical  action.  To  account  for 
this  electric  excitation  under  these  conditions,  two  expla- 
nations have  been  given,  one  originally  proposed  by  Volta, 
the  other  originating  in  the  researches  of  Fabroni,  modi- 
fied by  some  of  the  British  chemists. 

Volta’s  hypothesis  is  deduced  from  the  fact  established 
by  his  own  experiments,  and  also,  though  unknown  to  him, 
by  the  prior  experiments  of  Bonnet  and  Cavallo  *,  that  “ if 
two  different  metals,  perfectly  dry,  insulated,  and  having 
only  their  natural  quantity  of  electricity,  be  brought  into 
contact,  on  removing  them  from  that  contact,  they  are  in 
different  electrical  states  ; the  one  is  positive,  the  oilier  ne- 
gative.” In  the  example  of  the  metals  generally  used  in  gal- 
vanic arrangements,  the  zinc  is  in  the  former  state  or 
the  copper  is  minus.  The  difference  is  not  very  consider- 
able, but  when  accumulated  in  an  electric  condenser  by  re- 
peated application  of  the  plates,  becomes  sufficiently  strong 
to  cause  the  electrometer  to  diverge.  Electricity,  there- 


* Nicholson’s  Journal,  8vo,  vol.  i. 
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fore,  Volta  concludes,  is  developed  by  the  contact  of  dif- 
ferent metals,  independent  of  any  foreign  action  on  them  ; 
or  one  metal,  by  its  contact  vvitli  another,  forces  part  of 
its  electricity  into  that  other,  and  this  inequality  of  distri- 
bution continues  while  they  are  in  contact,  and  no  con- 
ductor is  applied  to  them.  Different  metals  have  differ- 
ent powers  in  this  res{)ect.  Volta  has  placed  them  in  the 
following  order,  from  his  experiments  : silver,  copper, 
iron,  tin,  lead,  zinc,  it  being  understood  that  the  first  cau- 
ses electricity  to  move  into  the  second,  and  those  which 
follow  it,  the  second  into  the  third,  &c.  Charcoal,  plum- 
bago and  black  oxide  of  manganese,  have  a similar  power. 
This  property  in  bodies  is  named  their  electro- motive  power. 

If  a series  of  metallic  plates  were  constructed,  without 
any  intermediate  substance,  what  would  be  the  result  of 
this  action  ? Copper  commencing  the  series,  and  in  con- 
tact with  a plate  of  zinc  above  it,  would  yield  to  the  zinc 
part  of  its  electricity,  which  would  become  positively  char- 
ged. But  if  another  plate  of  copper  were  placed  on  the 
other  side  of  the  zinc,  this  action  would  be  interrupted,  the 
zinc  being  in  contact  at  each  of  its  surfaces  with  the  two 
plates  of  copper,  two  equal  forces  would  act  in  opposite  di- 
rections, and  counterbalance  each  other.  Hence  the  dif- 
ference in  the  electrical  state  would  not  be  greater  in  the 
whole  scries  than  in  a single  pair  of  the  plates,  and  would 
even  amount  to  nothing  if  it  began  and  ended  with  the 
same  metal.  But  if  a piece  of  moist  card  be  placed  be- 
tween the  plates,  as  in  the  above  example  between  the 
zinc  plate  and  the  second  copper  plate,  the  effect  of  the  lat- 
ter on  the  former  is  interrupted  ; the  liquid  in  the  card 
having  comparatively  little  of  this  electro-motive  power, 
does  not  interrupt  the  motion,  while  it  conveys  the  posi- 
tive electricity  from  the  zinc  to  the  next  copper  plate  : ac- 
cordingly, on  this  addition  of  the  moistened  card,  Volta 
found  that  signs  of  electricity  are  manifested  in  the  series  : 
And  it  was  on  this  reasoning  that  he  was  led  to  the  con- 
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struction  of  the  arrangement  which  constituted  his  splen- 
did discovery. 

On  these  principles,  then,  may  be  explained  the  evolu- 
tion and  motion  of  electricity  in  the  voltaic  series.  Sup- 
pose the  pile  to  commence  with  a plate  of  copper  on  an 
insulated  base,  and  that  over  this  is  placed  a plate  of  zinc, 
by  the  contact  the  copper  loses  a portion  of  its  electricity, 
•which  the  zinc  acquires  ; the  former  becomes  negative,  the 
latter  proportionally  positive;  if  a piece  of  moistened  paste- 
board be  placed  over  the  zinc,  it  does  not  counteract,  or 
does  so  in  so  slight  a degree  as  to  admit  of  being  neglect- 
ed, the  action  between  the  pair  of  plates,  but  operating  as 
a conductor,  a piece  of  copper  placed  above  it  acquires  the 
same  electric  state  as  the  zinc  below.  The  pile  being  sup- 
posed insulated,  this  can  be  done  only  at  the  expence  of 
the  undermost  copper  plate,  and  hence  it  loses  more  of  its 
electricity,  or  becomes  more  highly  negative.  On  placing 
over  the  second  copper  plate  a second  plate  of  zinc,  it 
must,  from  their  mutual  action,  acquire  more  electricity 
than  the  copper  over  which  it  is  placed,  which  must  still 
be  at  the  expence  of  the  pieces  beneath  ; each  of  these  will 
therefore  suffer  a proportional  diminution  ; the  first,  or 
that  which  commenced  the  pile,  will  become  more  highly 
negative  than  before;  the  second  and  third  pieces,  which 
were  positively  charged,  will  have  that  charge  diminished, 
and  approach  nearer  to  their  natural  state  ; the  second  one 
more  so  than  the  third  ; while  the  upper  piece,  which  is 
the  second  plate  of  zinc,  will  be  more  highly  positive.  In 
this  manner,  the  quantity  of  electricity  in  the  upper  plate 
will  increase  in  arithmetical  progression,  while  it  will  be 
proportionally  diminished  at  the  base,  and  the  two  extre- 
mities will  be  in  the  opposite  electrical  states,  the  differ- 
ence being  greater  according  to  ihenumlK'r  of  plates;  and 
as  many  degrees  as  the  plate  at  the  head  of  the  column  is 
positive,  so  many  will  that  at  the  bottom  be  negative,  while 
in  the  middle  of  the  column  there  will  be  two  plates  in 
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their  natural  state,  which  Volta  accordingly  found  to  be 
the  case.  When  a communication  is  made  by  a conduc- 
tor between  the  two  extremities,  a current  ot  electricity  is 
established  ; or  if  a communication  be  established  between 
the  earth  and  the  base  of  the  pile,  and  a communication 
of  the  other  extremity  with  conductors,  the  metal,  whic  i 
yields  electricity  to  the  other,  receives  it  from  the  earth, 
continues  still  to  give  it  to  the  other,  from  which  it  is  car- 
ried forward  by  the  contiguous  fluid  or  humid  substance, 
and  thus  a constant  current,  increasing  as  it  proceeds,  is 

established.  . . 

The  powers  of  different  liquids  in  exciting  electricity, 

Volta  ascribes  to  their  different  conducting  powers,  modi- 
fied as  they  have  less  of  the  electro-motive  quality  i those 
which  are  the  best  conductors  being  superior  in  exciting 
^ect ; this  superior  conducting  power  being  probably  ne- 
cessary from  the  low  state  of  electrical  intensity  in  the  ap- 
paratus, to  transmit  the  electrical  state  from  the  one  pair 
of  plates  to  the  other.  Saline  liquors,  which  arc  superior 
to  water  in  exciting  power,  are  better  conductors  of  elec 
tricity  than  water,  as  was  established  prior  to  Volta^  re- 
searches, by  those  of  Priestley  and  Morgan  ; and  \ olta 
farther  found  what  is  donfonnable  to  the  mode  of  opera- 
tion he  supposes,  that  although  the  effects  are  more  con- 
siderable when  they  are  employed,  the  tension  indicated 
by  the  electrometer  does  not  equally  increase,  but  appears 
even  to  be  the  same,  at  least  in  comparing  water  with  a 
solution  of  sea-salt.  The  different  powers  of  the  different 
metals,  lie  supposes  owing  to  the  degrees  in  which  they 
possess  the  electro-moving  power,  ziiic  taking  electucity 
from  every  other,  and  gold  yielding  it  to  the  rest.  The 
action  which  puts  in  motion  the  electric  energy,  though 
oreatest  hetween  the  metals,  he  finds  exists  ,n  a less  de- 
cree in  otlicr  substances,  as  in  charcoal,  metallic  oxides, 
and  a number  of  liquids  i between  some  liquids  and  me- 
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tals  it  is  such  as  to  allow  of  a galvanic  arrangement  being 
formed  with  a single  metal:  in  this  way  is  explained  the 
construction  of  such  an  arrangement,  from  a metal  with  its 
different  sides  in  contact  with  diluted  nitric  acid  and  a so- 
lution of  sulphuret  of  potash.  And  if  there  were  solid 
substances  conductors  of  electricity  without  havino-  the 
elect:  o- motive  power,  a pile  might  even  be  constructed  by 
their  medium,  without  the  intervention  of  fluid.  If  a greater 
diflerence,  for  example,  existed  between  three  metals  in  the 
electro-motive  quality  than  does  exist,  an  electric  column 
might  be  formed  entirely  metallic,  and  permanent  in  its  o- 
peration  *. 

The  hypothesis  opposed  to  Volta’s,  is  that  w])ich  sup- 
poses the  electricity  in  a galvanic  series  to  be  evolved  in 
consequence  of  the  chemical  action  of  the  substances  com- 
posing It.  It  was  suggested  by  the  researches  of  Fabroni 
with  regard  to  the  mutual  action  of  metals.  He  had  ob- 
served, that  metals  when  pure  preserve  their  lustre  for  a 
long  time,  but  that  their  alloys  are  quickly  tarnished,  and 
oxidated  by  exposure  to  the  air;  that  the  contact  of  two 
metals  hastens  the  oxidation  of  each  ; and  hence,  as  he 
found,  that  if  pure  metals  be  put  in  separate  vessels  of  wa 
ter,  they  arc  not  altered  ; but  if  two  of  them  be  inimersecl 
in  water  in  contact,  the  more  oxidable  one  is  soon  loaded 
with  oxide.  The  signs  of  electricity  observed  when  two 
metals  are  separated  from  contact,  were  considered  as  the 
consequence  of  this  chemical  action  rather  than  the  cause* 
all  the  other  phenomena,  even  the  sensations  which  the 
metals  excite,  Fabroni  regarded  as  the  immediate  effect! 
of  the  chemical  action,  and  not  the  effects  of  the  electrici 


* Report  to  the  National  Institute,  translated  in  the  Philo 
sophical  Magazine,  vol.  xi,  p.  301.  Letter  of  Volta,  translat- 
ed m Nicholson’s  Journal,  8vo,  vol.  i,  p.  135.,  and  Memoir  by 
Volta,  Annales  de  Chimie,  t.  xl,  p.  225. 
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ty  which  that  action  evolves  *.  This  correction,  however, 
was  soon  made  by  the  British  chemists;  the  evolution  of 
electricity  in  the  jyalvanic  apparatus  was  ascribed  to  the 
chemical  action  in  the  parts  composing  it ; and  on  this 
principle  a theory  was  presented  under  different  modifica- 
tions, which  has  received  more  precision  in  the  progress 
of  the  investigation.  The  following  is  the  manner  in 
which  it  may  be  understood. 

In  consequence  of  the  chemical  action  of  the  liquid  in  a 
galvanic  series  on  the  metal  which  suffers  the  greatest 
change,  the  relation  of  that  metal  to  the  electrical  state  is 
so  altered,  that  electricity  flows  to  the  surface  acted  on. 
This  determines  the  motion  of  the  electrical  power  to  that 
surface  from  the  rest  of  the  mass  of  metal.  Hence,  sup- 
posing a plate  of  zinc  to  consist  of  a number  of  layers,  the 
external  layer  acted  on  by  the  liquid  giving  out  its  electri- 
city, and  the  other  layers  yielding  a corresponding  portion 
in  their  turn,  the  electricity  in  the  entire  plate  is  put  in 
motion,  and  the  direction  is  from  the  opposite  side  of  the 
plate  towards  that  which  is  suffering  the  chemical  change. 
The  latter  becomes  positive,  the  former  negative ; and  this 
last  state  is  of  course  communicated  to  the  copper  plate 
which  is  in  contact  with  that  surface  of  the  zinc.  Were 
the  next  plate  in  the  series  to  be  zinc,  the  same  chemical 
action  would  be  exerted  by  the  liquid  at  its  surface.  The 
same  evolution  of  electricity  would  in  consequence  be  pro- 
duced, and  this  would  be  in  a direction  contrary  to  that 
from  the  other.  But  the  next  metallic  surface  being  copper, 
and  this  metal  not  being  much  acted  on  by  the  liquid,  this 
is  prevented  ; the  copper  receives,  by  the  medium  of  the 
interposed  liquid,  the  electrical  state  of  the  preceding  pair 
of  plates,  which  it  communicates  to  the  zinc  connected 
with  it.  At  the  surface  of  the  zinc  plate  exposed  to  the 
action  of  the  liquid,  the  same  action  goes  on  as  in  the 
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former : a fresh  portion  of  electricity  is  evolved  in  conse- 
quence of  it,  and  this  must  be  supplied  from  the  plates  be- 
hind : this  is  repeated  at  each  pair  of  plates  in  the  series; 
tlie  copper  plate  therefore  at  the  cominenceinent  is  becom- 
ing more  highly  negative,  and  the  zinc  plate  which  ter- 
minates it  is  proportionally  positive.  Thus,  according  to 
this  hypothesis,  the  evolution  of  electricity  depends  en- 
tirely on  the  chemical  action  of  the  liquid  on  the  metal 
which  is  most  susceptible  of  that  action,  and  the  other  me- 
tal is  useful  only  in  that  it  is  not  cheniically  acted  on  to 
any  great  extent,  and  does  not  therefore,  by  any  contrary 
evolution  of  electricity,  counteract  the  effect  produced  at 
the  surface  of  the  metal  suffering  the  chemical  change. 

In  comparing  the  merits  of  these  hypotheses,  difficulties 
are  found  to  be  attached  to  each,  as  well  as  facts  in  their 
support. 

Volta’s  doctrine  seems  to  afford  a satisfactory  explana- 
tion of  the  leading  phenomenon, — the  excitation  of  elec- 
tricity in  the  series,  if  the  principle  be  admitted,  that  me- 
tals by  contact  alter  the  electric  equilibrium,  so  as  to  pass 
into  the  different  states,  while  liquids  have  little  of  this 
electro- motive  power.  But  the  fact  with  regard  to  this  is 
called  in  question,  and  must  be  admitted  to  be  doubtful. 
The  signs  of  electricity  are  manifested  only  when  the  se- 
paration of  the  metals  has  been  effected  ; and  there  is  no 
proof,  that  while  they  are  in  contact,  they  are  in  different 
electrical  states.  The  explanation,  too,  which  Volta  gives 
of  the  effect  of  the  interposed  liquid,  that  it  depends  on  its 
acting  as  a conductor  between  the  pair  of  plates,  is  scarce- 
Iv  satisfactory,  particularly  when  the  very  great  differences 
of  exciting  effect  in  different  liquids  are  compared.  It  is 
true  that  the  difference  is  not  supposed  in  the  theory  to  be 
merely  according  to  the  difference  in  conducting  power, 
but  to  this  modified  by  the  electro-motive  quality  which 
these  liquids  exert  to  a certain  extent,  and  which  so  ffir 
counteracts  the  accumulation  from  the  action  of  the  me- 


OF  GALVANISM. 


635 


tals.  But  even  with  this  modification  the  application  to 
the  actual  results  is  by  no  means  obvious,  or  sufficiently 
established.  On  the  other  hand,  the  connection  in  the  ex- 
citing effect  of  the  liquid  with  its  chemical  energy,  and  the 
degree  of  change  it  produces,  seems  so  general,  that  it  can. 
scarcely  be  supposed  but  that  an  important  share  of  it  de- 
pends on  this  action.  The  tacts  proving  this  are  numer- 
ous, and  were  established  by  different  experimentalists, 
Haldane,  Davy,  Pepys,  Biot,  Van  Marum,  and  others*. 
Pure  water,  for  example,  has  scarcely  any  exciting  effect, 
while,  if  it  hold  dissolved  atmospheric  air,  oxygen  gas, 
nitric  oxide,  or,  still  more,  it  a small  portion  ot  an  acid  be 
added  to  it,  it  acts  with  increased  energy.  The  action  of 
the  pile  has  even  been  found  to  be  influenced  by  the  che- 
mical energy  of  the  surrounding  elastic  medium : if  the 
cards  are  moistened  with  pure  water,  it  ceases  when  it 
is  placed  in  vacuo,  in  nitrogen,  or  hydrogen  gas;  it  is  re- 
newed, and  continues  for  a limited  time  in  atmospheric 
air  ; it  is  still  more  energetic  in  oxygen  gas,  and  the  oxy- 
gen is  consumed.  Or  if  nitric  acid,  or  even  a saline  solu- 
tion, be  added  to  the  water  moistening  the  cards,  the  ac- 
tion proceeds  in  vacuo.  The  connection  between  the  evo- 
lution of  voltaic  electricity  and  the  chemical  action  of  the 
substances  from  which  it  is  evolved,  is  not  less  proved  by 
the  ceasing  of  the  excitation  in  the  battery  when  the  che- 
mical power  of  the  liquid  is  exhausted  by  its  action  on  the 
metals,  though  it  can  scarcely  be  supposed  that  this  shall 
diminish  so  much  its  conducting  quality,  or  exalt  its  electi  o- 
motive  power  as  to  account  for  the  cessation  of  effect. 
Lastly,  the  power  of  the  metals  in  affording  galvanism 
seems  to  be  in  some  meai-ure  connected  with  their  suscep- 
tibility of  being  chemically  acted  on;-  zinc,  for  example, 
which  is  the  one  most  oxidable,  forming  the  most  power- 
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ful  arrangement,  and  always  suffering  oxidation  when  it 
affords  galvanic  effects. 

These  facts,  however,  perhaps  only  justify  the  conclu- 
sion, that  chemical  action  has  some  share  in  modifying 
the  production  of  galvanism,  not  that  it  is  the  sole  cause 
of  its  evolution  ; anti  there  are  others  of  an  opposite  kind, 
or  which  prove  that  the  powers  of  different  liquids  in  the 
galvanic  battery  are  not  proportional  to  their  chemical  a- 
gency.  Thus,  next  to  acids,  the  solutions  of  pure  potash, 
of  muriate  of  soda,  and  muriate  of  ammonia,  are  most  ef- 
fectual in  promoting  it;  yet  they  do  not  exert  any  great 
chemical  energy.  II  we  compare  the  action  they  do  exert, 
with  that  of  other  substances  which  likewise  act  on  metals 
but  which  generate  less  galvanism,  or  with  the  rapid  ac- 
tion of  acids,  and  compare  their  exciting  galvanic  powders, 
it  will  appear  that  these  are  in  no  proportion,  but  that  the 
exciting  powers  of  the  solutions  of  these  salts  are  greater 
than  what  such  a theory  would  suggest.  With  regard  to 
potash,  for  example,  it  exerts  so  little  chemical  action  on 
the  metals,  that  according  to  Van  Marum  their  polish  is 
not  even  impaired  The  same  conclusion  will  follow  from 
the  comparative  action  of  the  different  acids.  Sulphuric 
acid,  diluted,  has  less  power  than  muriatic  or  nitric  acid  in 
exciting  galvanism  ; yet  its  chemical  action  on  the  metals 
in  a galvanic  arrangement  is  as  energetic.  This  fact  of  the 
power  of  the  interposed  fluid  in  exciting  galvanism,  being 
not  proportional  to  its  chemical  energy  so  well  displayed 
in  the  example  of  a solution  of  sea-salt,  seems  conclusive 
against  the  hypothesis,  that  chemical  action  is  the  primary 
cause  of  galvanic  excitation.  It  is  also  to  be  considered, 
that  metals,  after  separation,  exhibit  electrical  phenome- 
na ; and  whether  the  change  be  supposed  to  arise  from 
their  contact  or  from  their  separation,  it  is  at  least  inde- 
pendent of  chemical  action.  Even  in  the  subversion  of 
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the  electric  equilibrium  from  this  contact  or  separation  of 
metals,  there  appears  to  be  some  connection  between  the 
electro-motive  quality  and  their  chemical  energies,  that 
metal  of  the  two  always  becoming  positive  which  has  the 
strongest  attraction  to  oxygen,  though  there  is  certainly 
no  chemical  action  exerted  ; —and  hence  the  relation  of 
powerful  chemical  agents,  of  acids  for  example,  to  the  ex- 
citation in  the  voltaic  series,  may  not  depend  on  the  che- 
mical changes  which  they  actually  produce. 

The  doctrine  too,  that  the  evolution  of  electricity  in  vol- 
taic arrangements  depends  entirely  on  chemical  action,  is 
purely  hypothetical.  Nor  is  the  explanation  which  it  gives 
of  the  accumulation  of  power,  and  of  the  difference  of  elec- 
tric states  at  the  two  extremities  of  the  series,  very  satisfac- 
tory. 

Were  the  principle  of  Volta’s  theory,  that  metals,  by 
contact,  break  the  electric  equilibrium,  established,  these 
considerations  would  probably  be  sufficient  to  lead  to  its 
adoption  in  preference  to  the  other,  since,  with  the  ad- 
mission of  this,  it  appears  to  follow,  that  in  an  arrange- 
ment such  as  that  of  the  galvanic  pile,  the  electricity  must 
increase  through  the  series  ; and  if  chemical  action  has  any 
influence,  it  is  probably  only  a subordinate  one  in  modi- 
fying the  effect.  The  principle,  however,  it  has  been  re- 
marked, is  doubtful,  though  not  disproved.  Yet,  even  ad- 
mitting it,  the  difficulty  remains  of  explaining  with  any 
precision  in  what  manner  the  interposed  liquid  by  its  che- 
mical action  modifies  the  mutual  electric  action  of  the  me- 
tals, so  as  to  contribute  to  the  more  active  production  of 
electricity.  Of  various  hypotheses  proposed  to  illustrate 
this,  the  most  probable  perhaps  is  that  suggested  by  Sir 
H.  Davy.  He  considers  the  chemical  action  of  the  fluid 
as  contributing  to  the  effect  by  its  elements  being  evolved 
in  different  electrical  states,  communicating  these  to  the 
plates,  and  by  the  renewal  of  electricity  giving  permanence 
to  the  excitation.  Each  plate  of  the  one  metal  in  the  se- 
ries is  positive,  each  plate  of  the  other  metal  is  negative. 
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and  the  plates  have  by  induction  these  electric  states  ex- 
alted, so  that  with  an  increase  of  number  there  is  an  ac- 
cumulation of  power.  When  the  extremities  are  uncon- 
nected, and  the  battery  is  insulated,  it  remains  in  this  state, 
and  no  chemical  changes  are  observed  in  the  interposed 
fluid.  When  the  circuit  is  completed  by  communication 
between  the  extremities,  the  decomposition  of  the  fluid 
takes  place,  and  its  elements  acquire  different  electrical 
states ; those  which  are  negative,  oxygen  and  acids,  for  ex- 
ample, pass  therefore  to  the  positive  metallic  plates  ; those 
which  are  positive,  such  as  hydrogen  and  alkalies,  pass  to 
the  negative  metallic  plates  ; and  there  is  thus  a renewal  of 
power  to  supply  the  discharge  while  the  chemical  action 
proceeds.  It  is  difficult  to  conceive,  however,  of  the  elec- 
tric states  being  established  by  induction,  and  especially 
of  their  being  augmented  by  it,  in  a conducting  medium  so 
perfect  as  that  of  the  fluids  which  are  most  powerful  in  ex- 
citing galvanism  ; nor  is  it  very  apparent  how  the  ele- 
ments of  the  fluid  should  continue  to  pass  into  the  electric 
stjUes,  so  as  to  afford  so  great  an  evolution  of  power. 
And  the  subject  must  still  be  considered  as  involved  in 
that  obscurity  which  precludes  a satisfactory  theory. 
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The  greater  number  of  the  results,  which  it  is  of  advantage  to 
represent  in  tables,  have  been  inserted  under  that  form  at  the 
close  of  the  preceding  chapters  on  Attraction  and  on  Caloric. 
Some  others  connected  with  the  properties  of  particular  sub- 
stances will  be  best  placed  under  the  history  of  these  substances. 
There  are,  however,  a few  miscellaneous  tables,  not  easily  re- 
ferred to  any  particular  subject,  but  chiefly  connected  with 
the  general  doctrines  or  the  operations  of  chemistry,  which 
have  been  illustrated  in  this  volume.  These  I add  in  a small 
Appendix. 

The  first  are  tables  of  the  Specific  Gravities  of  the  Gases.  It 
has  been  observed,  (p.  296,)  that  in  experiments  on  aerial  sub- 
stances, their  quantities  are  usually  found  by  volume,  and  from 
this  are  referred  to  weight,  according  to  their  specific  gravity. 
So  many  chemical  compounds  being  gaseous,  or  composed  of 
gaseous  elements,  it  becomes  a point  of  great  importance,  {aoth 
in  reference  to  the  general  theory  of  chemical  combination, 
and  to  the  details  of  chemistry,  that  the  specific  gravities  of 
the  gases  should  be  determined  with  the  greatest  precision; 
and  this  too  more  especially,  as  a slight  deviation  from  accu- 
racy in  the  estimate  leads  to  errors  of  considerable  moment. 
The  subject  has,  therefore,  occupied  much  the  attention  of 
chemists,  and  the  results  have  been  repeatedly  corrected.  I 
insert  the  tw'o  latest  tables  that  have  been  constructed.  The 
first  is  one  by  Dr  Thomson,  (Annals  of  Philosophy,  vol.  vii, 
p.  34^3.) ; the  second  is  by  Gay-Lussac,  ( Annales  de  Chimie 
et  Physique,  t.  i,  p.  218.  translated  Annals  of  Philosophy, 
vol.  ix,  p.  16.) 


Dr  Prout  had  suggested  a relation  between  the  specific  gra- 
vities of  the  gases  and  their  combining  quantities,  or  the 
weight  of  their  atoms,  the  specific  gravity  being  found,  he  af- 
firmed, by  multiplying  half  the  specific  gravity  of  oxygen 
by  the  weight  of  the  atom  of  the  gas  with  respect  to  oxygen. 
He  calculated  also  the  specific  gravities  of  oxygen  and  nitro- 
gen gases  on  the  assumption,  that  atmospheric  air  is  a che- 
mical compound  of  four  volumes  of  nitrogen  and  one  volume 
of  oxygen:  And  although  this  proposition  is  doubtful,  the  num- 
bers thus  assigned  are  very  nearly  the  mean  of  those  which  can 
be  regarded  as  accurate.  And  by  calculating  the  specific  gra- 
vity of  hydrogen  gas  from  the  specific  gravity  of  a denser  com- 
pound in  which  it  exists  in  known  proportion,  ammonia,  and 
the  weight  of  which  is  more  easil)'  determined,  he  reduces  it, 
perhaps  .with  more  accuracy,  a little  below  that  which  had  been 
usually  found  from  experiment.  Dr  Thomson  has  adopted 
these  views,  and  his  table  is  conformable  to  them.  Gay-Lus- 
sac’s rests  on  experimental  results,  or  on  calculation  from  gas- 
eous compounds  in  which  the  elements  exist,  and  these  are 
given  in  separate  columns.  The  authorities  are  annexed  to 
the  table,  and  some  observations  with  regard  to  them  are  sta- 
ted in  his  paper  Some  discussions  connected  with  these  de- 
terminations will  also  be  found  in  the  papers  of  Dr  Prout  and 
Dr  Thomson,  Annals  of  Philosophy,  vol.  vi,  p.  321,  vol.  vii, 
p.  34-3,  vol.  i,  p.  177. 
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Dr  Thomson  adds,  that  in  relation  to  the  correspondence 
between  the  specific  gravities,  and  the  weights  of  their  atoms, 
the  gases  may  be  reduced  under  three  classes  ; in  the  first,  the 
specific  gravity,  and  the  weight  of  the  atom  are  represented  by 
the  same  number  ; in  the  second,  the  weight  of  the  atom  is 
double  that  of  the  specific  gravity  ; and  in  the  third,  the  weight 
of  an  atom  is  equal  to  four  times  the  specific  gravity — redu- 
cing the  specific  gravities  to  the  same  standard  as  the  weights 
of  the  atoms.  Assuming  oxygen  as  the  standard,  there  are 
two  gases,  oxygen  and  olefiant  gas,  belonging  to  the  first  class; 
five  belong  to  the  third,  hydriodic  acid,  muriatic  acid,  nitrous 


gas,  hydro-cyanic  acid,  and  ammonia ; and 

all  the  others  in 

the  table  belong  to  the  second. 

TABLE  I. 

Spec. 

Weight  of  too 

GASES. 

Gravity. 

cub.  inch  in  grs. 

Air,  

30.5 

Hydriodic  acid  gas,  

135.084 

Phosgene  gas, 

104.891 

Chlorine  gas,  

76  250 

Puchlorine,  

74.420 

Sulpbur-ousacid, 

..2. ‘222 

67  771 

Cyanogen,  

54.935 

Nitrous  oxide,  

46.598 

Carbonic  acid,  

46.373 

Muriatic  acid, 

59.162 

Sulphuretted  hydrogen,  

35  890 

Sulphur  vapour 

33.888 

Oxygen 

33.888 

Nitrous  gas, 

31.769 

Olefiant  gas,  

29.72 

Azote 

29.652 

Carbonic  oxide,  

29.652 

Hydro-cyanic  acid  vapour, 

28.58 

Steam,  

18.062 

Ammonia,  

18.000 

Carburettcd  hydrogen,  

16.99 

Carbon  vapour,  

12.688 

Hydrogen, 

2.117 
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table  II,— Gaseous  Bodies. 

5p.  Gr. 
hy 

ex  per. 

Ditto 

calcu- 

lated. 

1.0000 

Vapour  of  iodine 

8,6195  C 

Vapour  of  hydriodic  ether 

5.4749 

C 

Vapour  of  oil  of  turpentine 

5.0130 

V 

4.4288  ( 

Hydriodic  acid  gas 

4.4430 

Fluo-silicic  acid  gas 

3.5735 

J 

Phosgene  gas 

3.3894  1 

Nitrous  acid  gas 

3.1764  ( 

Vapour  of  sulphuret  of  car- 

bon 

2.6447 

i 

Vapour  of  sulphuric  ether  .. 

2.5860 

2.4916 

Chlorine 

2.4700 

Euchlorine  

2.3144 

Fluc-itoric  gas  

2.5709 

< 

Vapour  of  muriatic  ether  ... 

2.219 

Sulphurous  acid  gas 

2. 1 930 

2.2072  ! 

Chloro-cyanic  vapour 

2.  1113 

Cyanogen  

1.8064 

1.8011 

Vapour  of  absolute  alcohol 

1.6133 

1 .60  0 

Nitrous  oxide 

1.5204 

1.5209 

Carbonic  acid 

1.5196 

Muriatic  acid 

1.2474 

1,2505 

Sulphuretted  hydrogen 

1.1912 

1.1768 

Oxygen  

1.1036 

Nitrous  gas 

1.0388 

1.0364 

Olefiant  gas 

0.9784 

0.9691 

Oxide  of  carbon 

1 0.9569 

0.9678 

Hydro  cyanic  vapour 

.j  0.9476 

0. 9360 

Phosphurettcd  hydrogen  .. 

0.870 

0.62.50 

0.623' 

0.5967 

0.594  ; 

Carburetted  hydrogen  

0.5550 

0.5624 

Arseniated  hydrogen 

. 0.5290 

Hydrogen 

0.0732 

Experimenters. 


xci.  17. 


xci-  16. 


Phil.  Trans. 
1812,  p.  35-1, 

1.  Jl).  p.  150. 


3hn  Davy.  Phil.  Trans. 
1812.  p 366. 
henard.  Mem.  d’Arcm 
i 121. 

Davy. 

Gay-Lussac.  Ann.deChim. 

xcv.  JlO. 

Id  lb  p.  177. 
Gay-Lussac. 

Colin. 

Biot  and  Arago.  Mem.  de 
ITnstit.  1806.  p.  320. 

Id.  lb  p.  320. 

Tlienard  and  Gay-Lussac. 

Rcihoch.  i.  191. 

BiOt  and  Arago.  Mem.  de 
I’lnstit.  1806,  p.  320. 
Berard. 

Th.  de  Saussure.  Ann.  dc 
Chim.  Ixxxix.  283 
Arago  and  Biot.  Mem.  de 
rinstit.  1806,  p.  320. 


xcv.  150. 

Davy. 

Gay-  Lussac. 

Biot  and  Arago.  Mem.  de 
I’Instit.  1806,  p.  520. 
Thomson. 

Tromnisdorf. 

Arago  and  Biot.  Mem.  de 
1’  Instit.  1806,  p.  520. 
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Another  table  of  the  specihc  gravities  of  the  gases  has  been 
given  by  Professor  Meinecke,  in  which  they  are  referred  to 
air,  to  oxygen,  and  to  hydrogen,  as  standards,  and 
convenient,  therefore,  as  exhibiting  these  relations.  1 he  spe- 
cific gravities  of  hydrogen  and  oxygen  are  somewhat  ditterent 
from  those  usually  assigned,  hydrogen  being  only  one-six- 
teenth of  oxygen.  This  is  the  same  which  had  been  assigned 
by  Dr  Prout,  and  probably  has  been  adopted  by  Meinec  e 
from  the  same  considerations.  The  table  is  from  the  10th  vo- 
lume of  the  Annals  of  Philosophy. 


■ 

Air  being 
1.000. 

Hydrogen 
being  1.000. 

Oxygen 
being  1.000,  j 

0.0694 

1 

0.0625  I 

Carburctted  hydrogen,  .... 

0.5555 

0.5901 

8 

0.5000  I 

0.5312  1 

0.6250 

9 

0.5625 

Hydrocyanic  acid  vapour,. 

0.9.374 

0.9722 

15i 

14 

0.8437 

0.8750 

Olefiant  gas, - 

0.9722 

0.9722 

14 

14 

0.8750 

0.8750 

1.000 

14| 

0.900 

1.041 

15 

0.937 

1.111 

16 

1.000 

'-'Xyjieixy  

Sulphuretted  hydrogen,  ... 

1.150 

1.274 

17 

18^ 

1.062 

1.156 

1.527 

22 

1.375 

1.527 

22 

1.375 

1.597 

23 

1.437 

1.806 

26 

1 .625 

Chlorocyanic  acid  vapour, 

2.153 

2.222 

31 

32 

1.937 

2.000 

2.500 

36 

2.250 

2.569 

37 

2.3 1 2 

2.638 

38 

2.375 

INitrous  tiCKi)  .#••••••••• 

Sulphuretof  carbon, 

Phosgene  gas, 

2.638 

3.473 

38 

50 

2.375 
\ 3.125 

TABLE  FOR  CONVERTING  ENGLISH  OUNCE  MEASURES  INTO 
. ENGLISH  CUBIC  INCHES. 


The  ounce  measure  has  been  often  employed  by  chemists 
in  expressing  the  volumes  of  elastic  fluids  It  is  also  often 
used  in  the  graduation  of  our  measures,  and  hence  the  conve- 
nience of  a table  expressing  the  relations  of  measures  by  it,  to 
those  by  the  more  general  standard  of  the  cubic  inch. 


Ounce 

measures. 

1 English  cubi- 
cal inches. 

Ounce 

measures. 

English  cubi- 
cal inches. 

1 

1.898 

20 

57  960 

2 

5.796 

.80 

56.940 

3 

5.694 

40 

75.920 

4 

7.592 

50 

94  900 

5 

9.490 

60 

115.880 

6 

1 1.388 

70 

152  -:60 

7 

15.286 

80 

151  840 

8 

15.184 

90 

170.820 

17.082 

100 

1«9  800 

1 10 

18.980 

1000 

1 898.000 

table  of  CORRESPONDENCE  BETWEEN  ENGLISH  CUBIC  INCHES  OF 
WATER  AT  60°  OF  TEMPERATURE  AND  ENGLISH  TROY  GRAINS. 


j Cubic  inches  of  water. 

Troy  grs. 

Oz. 

Dr 

Grs. 

1 I 

=: 

2^2.506 

= 

0 : 

4 : 

12.506 

2 

== 

505.012 

1 ; 

0 : 

25.012 

5 

= 

757.518 

— 

1 ; 

4 ; 

57.518 

4 

= 

1010.024 

= 

2 : 

0 ; 

50.024 

5 

= 

126 2.  .550 

2 ; 

5 : 

2.550 

6 

= 

1515.056 

= 

5 ; 

1 : 

15.086 

7 

= 

1767.542 

— 

3 : 

5 : 

27.542 

8 

= 

2010.018 

= 

4 : 

1 : 

40.048 

9 

2272.554 

— 

4 : 

5 : 

52.554 

1728  (1  cub.  foot) 

= 

909  : 

0 ; 

10.568 

645 


TABLE  OF  IRENCH  AND  ENGLISH  CUBIC  INCHES. 


Cubic  inches. 


French. 

= Fnglish. 

1 

1.2136 

2 

2.4272 

3 

5.6408 

4 

4.85441 

5 

6.0681  ! 

6 

7.2817| 

7 

8.49531 

8 

9.7089 

9 

10.9225, 

10 

12.136 

20 

24.272 

30 

36.408 

40 

48.544 

50 

60.68 

60 

72.817 

70 

84.953 

80 

97.089 

90 

109.225 

100 

121.36 

200 

242.72 

300 

364.08 

400 

485.44 

500 

606.81 

600 

728. 1 7 

700 

849.53 

800 

970.891 

900 

1092.25' 

1000 

121.3.6 

2000 

2427.2 

3000 

5640.8 

4000 

4854.4 

5000 

6068. 1 

6000 

7281.7 

7000 

849.4.3: 

8000 

9708.9, 

9000 

10922.5' 

10,000 

12136.0 

Cubic  inches. 


1 English. 

= French. 

1 

2 

1 

3 

4 

5 

0.8239 

1.6479 

2.4719 

5.2958 

4.1198 

C 

7 

8 
9 

1 4.9438 

1 5.7677 

6.5917 
1 7.4157 

10 

8.239 

20 

16.479 

50 

24.719 

40 

32.958 

. 50 

41,198 

60 

49.438 

70 

57.677 

80 

65.917 

90 

74.157 

1 100 

82.59 

200 

164.79 

300 

247.19 

400 

329.58 

500 

411.98 

600 

494.38 

700 

576.77 

! 800 

659.17 

900 

741.57 

1000 

823.9 

2000 

1647.9 

3000 

2471.9 

4000 

3295.8 

5000 

4119.8 

6000 

4945. 8 

7000 

5767.7 

8000 

6591.7 

9000 

7415.7 

10,000 

8239.0 

646 


table  or  FRENCH  AND  ENGLISH  GRAINS. 


Grains. 

French  = English 


C 

7 

8 
9 

lo 

20 

30 

40 

50 


60 

70 

80 

90 

"lOO 

200 

300 

400 

500 

~60d 

700 

800 

900 

1000 

2000 

3000 

4000 

5000 


0.8203 
1.6407 
2.461 1 
3.2815 
4. 1019 
“4.^23 
5.7427 
6.5631 
7.3835 
~8.203 
16.407 
24.611 
32.815 
41.019 
49.223 
57.427 
65.631 
73.835 


164.0 


Grains. 


1640. 

2461. 

3281. 

4101. 


6000 

7000 

8000 

9000 

10,000 


49:  2. 


6563. 


English  = 

= French 

1 

1.2189 

2 

2.4378 

3 

3.6568 

4 

4.8757 

5 

6.0947 

6 

7.3136 

7 

8.5325 

8 

9.7515 

9 

10.9704 

10 

12.189 

20 

24.3:8 

30 

36.568 

40 

48.757 

50 

60.947 

60 

73. 136 

70 

85.325 

SO 

97.515 

1 90 

109.704 

' 100 

121.89 

i 200 

243.78 

300 

365.68 

I 400 

487.57 

)i  500 

609.47 

600 

7ol.36 

700 

853.25 

800 

975.15 

5 900 

1097.04 

5 1000 

1218.9 

7 2000 

2437.8 

l|  3000 

3656.8 

4000 

4875.7 

qi'  5000 

6094.7 

3 6000 

7313.6 

7 7000 

8532.5 

1 ! 8000 

9751.5 

«; ' - 9000 

10970.4 

0 10,000 

12189.0 

6-17 


TABLE  OF  FRENCH  MEASURES  AND  WEIGHTS  REDUCED  TO  THE 
ENGLISH  STANDARD,  AT  THE  SAME  TEMPERATURE. 

Measures  of  Length. 

E.  Inches. 

Millimetre 

Centimetre 

Decimetre ^ 

Metre (3.281  feet) 39.37100 

Decametre  393.71000 

Hecatometre 3937.10000 

Chiliometre 39371.00000 

Myriometre  393710.00000 


E.  Cubic  Inches. 

Millilitre  

Centilitre  

Decilitre  

Litre  (a  cubic  decimetre) 61.02800 

Decalitre 610.28000 

Hecatolitre 6102.80000 

Chiliolitre...  61028.00000 

Myriolitre 610280.0000 

Weights. 

E.  Grains. 

Milligramme  0154 

Centigramme  

Decigramme  1.5444 

Gramme (weight  of  a cubic  centimetre  of  water,) 15.4440 

Decagramme 154.4402 

Hecatogramme  1544.4023 

Cbiliogramme  15444.0234 

Myriogramme 154440.2344 


END  OF  VOLUME  FIRST, 
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